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ΠΕΡΙΛΗΨΗ 
Κύριος στόχος της παρούσας διπλωματικής εργασίας είναι η σύγκριση των εναλλακτικών μεθόδων 
ανάλυσης και σχεδιασμού μεταλλικών πλαισίων. Ορισμένα από τα θέματα που εξετάζονται 
περιλαμβάνουν τα όρια που επιτρέπουν ανάλυση πρώτης τάξης, την επίδραση της μη γραμμικότητας 
του υλικού σε πλαστική ανάλυση και το είδος των μεθόδων ανάλυσης και σχεδιασμού που συνίσταται 
να εφαρμοστεί στις περιπτώσεις επίπεδων ή τρισδιάστατων μεταλλικών πλαισίων. Επιπροσθέτως, 
εξετάζονται οι περιπτώσεις κατασκευών στις οποίες πρέπει να ληφθούν υπόψη αρχικές ατέλειες, η 
σύγκριση μεταξύ των διαφορετικών τρόπων θεώρησης αρχικών ατελειών, όπως επίσης και η πιο 
δυσμενής κατεύθυνση τόσο των τοπικών όσο και καθολικών ατελειών. 
Με στόχο να εξεταστούν όλα τα παραπάνω θέματα και να καθοριστούν οι συνθήκες που επιτρέπουν την 
κάθε μέθοδο ανάλυσης και σχεδιασμού, οφείλουν να εξεταστούν κατασκευές ποικίλης λυγηρότητας. Η 
ανάγκη για συγκρίσιμα αποτελέσματα μεταξύ αυτών των κατασκευών, απαιτεί στις αναλύσεις να 
χρησιμοποιηθούν σταθερά μεγέθη διατομής και γεωμετρικών χαρακτηριστικών. Συνεπώς, οι εξωτερικές 
δυνάμεις είναι το μόνο μεταβαλλόμενο μέγεθος των παραμετρικών αυτών αναλύσεων. Αυτές οι δυνάμεις 
επιλέγονται με τέτοιο τρόπο, ώστε να οδηγούν την κατασκευή σε οριακή κατάσταση αστοχίας (ΟΚΑ) για 
πλαστική ανάλυση με ατέλειες. 
Στο πρώτο εισαγωγικό κεφάλαιο, παρουσιάζεται η αναγκαιότητα των φαινομένων P-δ σε ορισμένες 
μεταλλικές κατασκευές, όπως επίσης τονίζεται η σπουδαιότητα των αρχικών ατελειών στις κατασκευές 
αυτές. Τέλος, αναφέρεται συνοπτικά η δομή της παρούσας διπλωματικής εργασίας. 
Το δεύτερο κεφάλαιο έχει ως κύριο στόχο την εξέταση και τη σύγκριση των εναλλακτικών προτάσεων 
του Ευρωκώδικα 3. Για να επιτευχθεί ο σκοπός αυτός, εφαρμόζονται παραμετρικές πλαστικές αναλύσεις 
για όλο το εύρος κατασκευών και με όλες τις πιθανές αρχικές ατέλειες, σύμφωνα με τις ισχύουσες 
διατάξεις του ΕΚ3. Συγκεκριμένα, καθοριστική αποτελεί η εξέταση της συνθήκης acr>15 που οδηγεί σε 
ανάλυση πρώτης τάξης. Επιπροσθέτως, συγκρίνονται όλοι οι προτεινόμενοι τρόποι εισαγωγής αρχικών 
ατελειών σε μεταλλικούς φορείς. Μεταξύ άλλων, εξετάζεται η πιο δυσμενής κατεύθυνση των ατελειών, 
η γεωμετρικά επιβαλλόμενη αρχική ατέλεια σε σύγκριση με την ισοδύναμη επιβολή δυνάμεων στο φορέα 
καθώς και ο ρόλος του υλικού στις πλαστικές αναλύσεις. Τέλος, εισάγεται μια προτεινόμενη μεθοδολογία 
που αφορά στον υπολογισμό και εφαρμογή αρχικών ατελειών στο σχήμα της πρώτης κρίσιμης 
ιδιομορφής λυγισμού. Για να είναι συγκρίσιμα τα αποτελέσματα, επιλέγεται για την εξωτερική φόρτιση 
πολλαπλασιαστικός συντελεστής κατάρρευσης λ=1. 
Στο τρίτο κεφάλαιο εξετάζονται ελαστικές παραμετρικές αναλύσεις σύμφωνα με την αναθεωρημένη 
έκδοση του Ευρωκώδικα 3. Στόχος του κεφαλαίου αυτού είναι η αξιολόγηση των προτεινόμενων 
μεθόδων ανάλυσης και σχεδιασμού για όλο το εύρος κατασκευών που αναφέρθηκε. Για την επίτευξη 
αυτού του στόχου, κάθε κατασκευή εξετάζεται και αναλύεται με κάθε μια από τις προτεινόμενες 
μεθόδους. Σε περίπτωση που τα αποτελέσματα των αναλύσεων βρίσκονται σε αντίθεση με τις προτάσεις 
του Ευρωκώδικα 3, προτείνονται οι αντίστοιχες αλλαγές. Τέλος, συγκρίνονται τα αποτελέσματα που 
προκύπτουν από το λογισμικό πεπερασμένων στοιχείων και τον Ευρωκώδικα 3 σχετικά με το λυγισμό 
μελών και κατασκευής καθώς και τα αποτελέσματα των πλαστικών και ελαστικών αναλύσεων. 
Λόγω αποκλίσεων μεταξύ των προτεινόμενων διατάξεων και των αναλύσεων οι οποίες αποδίδονται στη 
σπουδαιότητα που έχουν τα φαινόμενα εκτός επιπέδου, το τέταρτο κεφάλαιο εξετάζει όλες τις μεθόδους 
του ΕΚ3 σε ρεαλιστικά τρισδιάστατα μεταλλικά πλαίσια. Με αυτόν τον τρόπο θα αξιολογηθούν τα 
αποτελέσματα των προηγούμενων δυο κεφαλαίων που εξέταζαν μια απλοποιημένη μορφή κατασκευής, 
αυτή του επίπεδου πλαισίου. Με στόχο τα αποτελέσματα να είναι και πάλι συγκρίσιμα, η παρούσα 
κατασκευή επιλέγεται να αποτελείται από δυο παράλληλα πλαίσια. Η μόνη διαφοροποίηση σε σχέση με 
τα προσομοιώματα του τρίτου κεφαλαίου, εντοπίζεται στο γεγονός ότι εκτός του επιπέδου των πλαισίων, 
εφαρμόζονται οριζόντιες δυνάμεις και κατ’ επέκταση εμφανίζονται εκτός επιπέδου φαινόμενα. Τέλος, 
στο πέμπτο και τελευταίο κεφάλαιο, παρατίθενται τα συμπεράσματα της παρούσας διπλωματικής 
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ABSTRACT 
The primary objective of this thesis is to examine the alternative methods of analysis and design of steel 
frames and structures. Some of the issues treated include the limits that allow for first order analysis, 
the impact of material in plastic analysis and the kind of analysis and design that should be applied in 
each case, both for plane frames and realistic three dimensional steel structures. Furthermore, this 
thesis also examines the cases in which imperfections should be incorporated in the analysis, the 
differences between alternative ways of imperfections’ consideration, as well as what the most 
unfavourable direction of both global and local imperfections is. 
In determining the limits that differentiate each analysis and design method and generally in exploring 
the aforementioned issues, structures of diverse slenderness should be examined. The need for 
comparable results among all structures led to analyses of structures of identical cross-sections, 
geometry and dimensions. Consequently, their distinctive characteristic in the parametric analyses is 
the external loading which is chosen so that it leads the structure to its ultimate limit state (ULS) 
according to plastic analysis (GMNIA). Hence, it is feasible to create a satisfying spectrum of structures’ 
slenderness of comparable results. 
In the first chapter, an introduction in the necessity of second order analysis in some cases of steel 
structures is presented. Additionally, the impact that imperfections may have in specific occasions in 
structures is also highlighted. Finally, briefly insights into the objective and scope of each upcoming 
chapter are also introduced. 
In the second chapter, the main scope is the evaluation and the comparison of the different proposals 
of Eurocode 3. For that reason, plastic parametric analyses with all possible imperfections are applied 
for the entire spectrum of structures according to the current version of EC3. In particular, the primary 
purpose is to determine whether the condition acr>15 that allows for first order analysis is accurate. 
Furthermore, thorough insights into the impact of each proposed method of taking into account 
imperfections are given. Among others, the most unfavourable direction of imperfections, the difference 
between geometrically applied imperfections and applying equivalent forces and the impact of material 
on varying structures, are all topics examined in this thesis. Moreover, an extensive methodology related 
to how imperfections in the shape of the critical elastic buckling mode are applied in structures is 
introduced in this chapter. Due to the need for comparable results, external loads are chosen in every 
case so that the multiplying collapse factor of the structure is λ=1. 
In the third chapter, elastic parametric analyses with the same external loads as before are applied to 
the structures according to the revised version of Eurocode 3. The aim of this chapter is the evaluation 
of the proposed method of analysis and design for each structure of the spectrum. To achieve this goal, 
every structure is analysed and verified with every possible method and, lastly, the most appropriate 
one is suggested. If that method is different than the proposed one, a revision will be required. 
Additionally, results of both Eurocode 3 and linear buckling analysis (LBA) regarding the member 
buckling verification and results of plastic and elastic analysis are also compared in this chapter. 
Due to inconsistencies in the results of the previous chapter and the proposed methods of Eurocode 3 
that are attributed to out-of-frame’s-plane effects, the fourth chapter examines all proposed methods 
in a realistic three-dimensional structure. In that way, it is possible to determine whether the simplified 
frame structure of the second and third chapter produced reliable results. In order for the results of 
each chapter to be comparable, the external loading in this case is also identical to the previous 
structures’ loading with the difference that out-of-frame’s-plane horizontal forces are added in the 
analysis so that out-of-plane effects are taken into consideration. Finally, in the fifth and final chapter, 
final remarks and conclusions of the diploma thesis are presented, and suggestions for further 
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 COMPARISON OF ALTERNATIVE METHODS FOR THE ANALYSIS AND DESIGN OF STEEL FRAMES 
1 INTRODUCTION 
1.1 THE IMPACT OF GEOMETRICAL NONLINEARITY ON STRUCTURES 
 
Figure 1-1: Dubai City Tower 
It is of common knowledge that technological and technical advancement in sciences and economics 
have led to breakthroughs in human reality. The pace that such improvements are happening during 
the last decades is unprecedented and most of the times they keep people overwhelmed. This reality 
concerns the field of civil engineering too. As far as structural engineering is concerned, structures of 
irregular geometrical patterns and cross sections or even structures of modern materials are prevailing 
in primarily wealthy and glamorous cities. In most cases, these structures are overwhelmingly high and 
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slim as a matter of both minimalism and economic growth and prosperity. Dubai City Tower of Figure 1-1 
is a representative example. 
Additionally, even in the case of conventional structures, the primary purpose of engineers is designing 
safe structures that are both financially and materially ultimate. Advancement in materials and 
construction methods in combination to the advent of computers and engineering reliable softwares 
have led to more reliable analysis and design methods. Consequently, safety factors are getting lower 
and the utilization of cross sections is getting higher. As a result, as years pass, structures are becoming 
more slender. Thus, both local and global displacements tend to be higher. That said, these kind of 
structures are susceptible to local or global buckling, or even collapse because of significant second 
order effects that have possibly not been taken into account in the analysis. 
Both cases prove that modern structures tend to become more slender or, equally, to develop 
consequential displacements. Subsequently, these high displacements are responsible for the 
development of increased internal forces and especially bending moments in the structure. That said, 
all equations of structure’s equilibrium should be applied in the deformed shape as otherwise, the 
calculation of the internal forces would be against the safety of the structure. This process is somehow 
iterative and is presented in Figure 1-2. 
 
Figure 1-2: Second order effects in simply supported beam 
It is now clear that second order effects provide a more realistic viewpoint of the structure’s behaviour. 
Indeed, external loading in structures causes displacements which subsequently produce extra internal 
forces. These phenomena can be taken into account only in the case that P-δ effects are not neglected. 
However, such analysis require specialized softwares which are not always accessible and affordable. 
Furthermore, the usage of such programs entails that engineers are well accustomed to the functions 
and the, most of the times, demanding need for familiarity with computers. Additionally, second order 
analysis require adequate computing power and storage space, aspects that can be really demanding 
in some cases. Consequently, conditions and limits should be set so that engineers are assured of 
whether second order analysis is necessary. 
For all the aforementioned reasons, the current thesis focuses on the alternative methods of analysis 
and design, especially for steel frames. 
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1.2 THE IMPACT OF IMPERFECTIONS ON STRUCTURES 
In reality, no body is perfect. Specifically in engineering, the physical structure deviates from the 
perfectness that is theoretically assumed during simplified calculations. The reasons why structures are 
physically imperfect are many and may be summarized as follows: 
 Due to manufacturing processes, the final geometry might deviate from idealized shapes. For 
instance, theoretically straight columns could be instead crooked. These imperfections are called local 
or, equally, bow and are presented in Figure 1-3 (a). 
 Fabrication imperfections, regarding the simplifications in calculations of cross sectional properties, 
like ignorance of prestressed effects. 
 Load imperfections, regarding the assumption that all compressive loads are centered. In fact, effects 
such as lateral load might be present on the structures. 
 Constructional imperfections, concern the possibility that columns or other members of the structure 
are not addressed as supposed on the constructional site. These kind of imperfections are referred 




Figure 1-3: Possible shapes of imperfections (a) manufacturing bow, (b) constructional sway 
For the geometrically nonlinear analysis of slender structures, such as those presented in the previous 
subchapter, imperfections and their subsequent effects on stability must be taken into account. Indeed, 
as geometry has a consequential impact on these structures, the behaviour and generally the resistance 
of the structures depends highly on the deformed structure. That said, initial significant conditions like 
deformations or other imperfections, affect its resistance. For instance, in the case of a simply supported 
beam like in Figure 1-2, initial imperfection in the shape of the first elastic critical buckling mode may 
produce bending moments in the presence of only axial forces. These bending moments in the case of 
slender structures that are susceptible to initial imperfections, might be really significant. In some cases 
the reduced resistance of structures might be even 40%. An example of a bow imperfection that has 
affected severely a realistic structure is presented in Figure 1-4. That figure is used in Reference [5]. 
Even if imperfections are of high importance in calculating the resistance of a structure, the proposals 
regarding many aspects of them are not clearly explained in Eurocode 3. Indeed, all methods that 
concern imperfections present some uncertainties such as the most unfavourable direction that should 
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be applied, the number of buckling modes that should be used in the analysis, the definition of 
imperfections in cases other than flexural buckling among others. Several author have tried to improve 
the methods suggested by EC3. Some of the topics treated, referred in Chapter 6, are: 
 The way imperfections should be applied in the case of flexural-torsional buckling due to either 
bending or compression. 
 Structures that are sensitive to flexural buckling with tapered columns and/or uniform distribution of 
the compression force in arch geometry. 
Consequently, some insights into imperfection should be given. In the current diploma thesis, all possible 
imperfections proposed by Eurocode 3 are compared on a wide spectrum of structures. That way it will 
be possible to determine the conditions and generally the structures in which global and/or local 
imperfections should be taken into account. 
 
Figure 1-4: Bow imperfection on realistic structure 
1.3 OBJECTIVE AND SCOPE 
The pivotal role of both geometrical nonlinearity and imperfections on structures’ behaviour in 
combination to the uncertainties of the proposals of Eurocode 3, leads to the need for further 
investigation. In the current diploma thesis, the main focus is given on the alternative methods of 
analysis and design of both steel plane frames and three dimensional steel structures. More precisely, 
the conditions that allow for first order analysis and the imperfections that should be taken into account 
are topics treated in this thesis.  
In the second chapter, the current version of Eurocode 3 is examined. The primary purpose of this 
chapter is to determine the limits and conditions that allow for first order analysis. In the case that a 
structure is slender, internal forces’ calculation entails second order analysis. On the other hand, if a 
structure is rigid enough, then there is no reason for a second order analysis approach and consequently, 
a first order analysis is sufficient. The indicator factor that Eurocode 3 uses for that purpose and is 
examined in the analyses of this thesis is the factor by which the design loading has to be increased to 
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cause elastic instability in a global mode in the structure, named acr. In this chapter, the limit of acr>15 
will be explored, as plastic materially nonlinear analyses are conducted. Moreover, some of the topics 
treated in this chapter regard imperfections. In particular, the conditions in which global sway and/or 
local bow imperfections should be applied and their most unfavourable direction are also issues treated. 
Additionally, all equivalent methods of applying imperfections are compared. For example, a comparison 
between geometrically applied bow - sway imperfections and using equivalent forces is made in this 
chapter. Furthermore, the methodology behind imperfections in the shape of the critical buckling elastic 
mode is proposed and a comparison among all these methods is also established. 
In determining all these topics, parametric analyses with structures of diverse acr, in terms of sway 
buckling mode, are conducted. In order for the results to be comparable, the geometry of the structure 
and the sections are chosen constant in every analysis, while the external loading is varying. Therefore, 
nine different analyses of external loads that lead the structure to its ultimate state limit are examined. 
Additionally, insights into the types of analyses and checks are presented. Finally, three distinctive 
structures, a slender, a structure of medium slenderness and a rigid, are presented thoroughly. Internal 
forces of each method, internal forces of each imperfection’s consideration are also compared so that 
their impact can be determined. 
In the third chapter, elastic analysis in terms of material is examined for the entire spectrum of structures 
analysed in the previous one. The main goal of this chapter is to evaluate and compare all methods 
proposed by the revised version of Eurocode 3. Firstly, all methods and checks-verifications proposed 
in this version are thoroughly presented. Afterwards, the main topics treated are determined. The 
primary goal of this chapter is the examination of the method that should be applied in every case of 
structure. If that method is different than the proposed, then a revision must be suggested. 
Furthermore, some other topics treated regard the comparison between plastic and elastic analysis and 
the comparison among software and Eurocode 3 in terms of determining the buckling of the members 
and generally the structure (acr factors’ calculation). 
Like in the previous chapter, the same spectrum of varying structures is examined. However, in order 
to examine out-of-plane effects, all degrees of freedom are active. This need arises from the fact that 
the revised version of Eurocode 3 takes into account out-of-plane effects and out-of-plane buckling in 
the methods proposed. In order to examine the credibility of the methods suggested, all nine structures 
are analysed with all possible methods. The proposed method in each case is compared to the realistic 
one. If the suggested method differs less than 10% from the realistic, then it is conservative and another 
method could be examined. On the other hand, if the proposed method deviates more than 10% from 
the realistic, then the analysis is against the safety of the structure and consequently a more 
conservative analysis should replace the existing one. For presenting the results of this chapter, 
percentage differences of internal forces among all these methods are presented.  
Finally, inconsistencies in the results of Eurocode 3 and analyses of the previous chapter led to the need 
for investigating a more realistic structure that takes into account out-of-plane effects. Thus, the fourth 
chapter’s scope is to examine the revised version of Eurocode 3 in a more realistic structure where out-
of-plane effects are probably dominant. Some of the topics treated in this case regard a comparison 
between a plane frame and its equivalent three dimensional model. All issues explored in the previous 
chapter are, consequently, examined in this one, including the accuracy of the factor acr,sway proposed 
by Eurocode 3. 
In order to respond to these questions, two primitive criteria should be met, the need for comparability 
and the need for diversity in the structures analysed. Thus, an equivalent three dimensional structure 
consisting of the parallel plane frames examined in previous chapters is conceived. A slender, a structure 
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of medium slenderness and a rigid structure are presented thoroughly and compared with the respective 
plane frames. 
In the fifth chapter, summary and conclusions of this diploma thesis are presented. That chapter consists 
of a summary of the topics treated in this thesis, final remarks regarding the conclusions made from all 
analyses of the entire spectrum of structures and, finally, suggestions for further investigation in the 
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2 FRAME ANALYSIS ACCORDING TO THE 
CURRENT VERSION OF EUROCODE 3 
2.1 INTRODUCTION-LEGISLATION 
2.1.1 Effects of deformed geometry to the structure 
This chapter examines the way that forces and moments can be calculated in a structure and the checks 
of the structure’s strength that can be conducted in every case. The internal forces may be determined 
using either first-order analysis or second-order analysis taking into consideration the deformed 
structure and not the initial geometry. Thus, an accurate criterion should be established so the engineer 
can be assured of the method that should be followed in every case. That criterion should undoubtedly 
consider the significance of the increase of the internal forces or moments or any other structural 
behaviour in the structure as a result of its deformations. Therefore, that factor should measure the 
potential of the structure to deform significantly under the current external forces. If a structure is 
slender enough, then a second order analysis should be applied to calculate the internal forces. If a 
structure is rigid enough in a current state of external forces, then there is no reason for a second order 
analysis approach and consequently, a first order analysis is sufficient. 
The criterion that Eurocode 3 uses for this purpose takes into account the factor by which the design 
loading has to be increased to cause elastic instability in a global mode in the structure, named acr. If 
that factor is approximately equal to one (acr~1) this means that the structure is close to instability and 
consequently, the forces should be calculated taking into account the second order effects. On the other 
hand, if the factor is relatively large, say acr~∞, then the structure’s deformation behaviour is totally 
incoherent with that of instability. In practice, the infinity definition aforementioned equals to a realistic 
number which has been calculated by engineers after experiments and analysis.  
As stated in Eurocode 3, first order analysis is adequate for the calculation of the internal forces in the 













for plastic analysis (2-1) 
The factor has a higher value requirement in plastic analysis as shown in Eq. (2-1) , since there are 
expected non-linear phenomena regarding not only the geometry but also the material. As a result, the 
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behaviour of the structure is considered significantly altered and thus, a stricter factor requirement has 
been established. 
2.1.2 Imperfections 
Global initial sway imperfections 
In order to take into account the imperfections of a frame, a global initial sway imperfection is proposed 
in chapter 5.3.2 of Eurocode 3. These kind of imperfections concern the possibility that a structure has 
- not being attached properly. A figure of such an imperfection is shown in Figure 2-1. An issue of 
contention that arises in sway imperfections, like in every imperfection in general, concerns the direction 
and form that should be applied. There is no universal answer to that question however. It is up to the 
engineer to choose the most unfavourable direction and form. 
 
Figure 2-1: Sway Imperfections 
The measure of the imperfection may be determined by: 
0 h m




 equals to 1/200 








   
h the total height of the structure in meters 
am equals to m
1







the number of columns in a row (only those with vertical load N at least 50% of the 
average value of the column in the vertical plane) 
For example, in the case that will be examined in the presenting thesis, the structure has 11m height 
and consists of two columns, the factor φ can be calculated as followed: 
 
1 2 1 1 2 3
φ= 0.5 1+ = =0.002887





As a result, if we want to examine geometrically this sway imperfection, we should calculate the 
coordinates of the deformed structure at every point. The structure in reality will have its section rotated 
according to the angle φ that is applied. In case the analysis of rotating the section using a program 
like ADINA is difficult, we could still use a horizontal section, as the difference will be negligible. 
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2 1
x =x +hsinφ  
(2-3) 
2 1
y =y +hcosφ  
Eurocode 3 also provides the option of using equivalent external forces instead of using a deformed 
geometry in the shape of the imperfection, as shown in Figure 2-2. 
 
Figure 2-2: Equivalent sway forces 






N Δx=H h   
Ed
H=φN  (2-4) 
What Eurocode 3 neglects to mention in Eq. (2-4) concerns the analysis from which the axial force 
should be calculated. Nevertheless, we would conclude that the axial force NEd should be the outcome 
of a second order geometric analysis of the structure. The material could be either elastic or generally 
non-linear, according to the analysis that the engineer is allowed to follow.  
Relative initial bow imperfections 
Aside from the global imperfections, Eurocode 3proposes local imperfections that concern the possibility 
that a single member has, not being properly manufactured. Clearly, if a single supposedly straight 
member is not precisely straight after being manufactured, the impact on the strength of the member 
would be consequential. This issue is addressed in the buckling curves which take into account the 
flexural buckling of imperfect single members. The measure of the imperfections proposed in Eurocode 
3 may be determined using the Table 2-1.  
The credibility of that table has been a contentious issue for engineers. Later in this thesis, an evaluation 
of its values will be provided. 
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Table 2-1: Design value of initial local bow imperfection for members 
Buckling curve according 
to Table 6.2, EC3 
elastic analysis plastic analysis  
e0/L e0/L 
a0 1/350 1/300 
a 1/300 1/250 
b  1/250 1/200 
c  1/200 1/150 
d 1/150 1/100 
The value of that local imperfection e0 should be applied in the middle of the member, to the most 
unfavourable direction. Like in sway imperfections, this is also up to the estimation and careful thinking 
of the engineer. In the case it is unfeasible for the engineer to judge accurately that direction, all 
possible directions should be examined. If the structure consists of n columns, there are 2n cases of 
local imperfections. 
Like in global sway imperfections, equivalent external forces could be applied for the local bow 
imperfections, as shown in Figure 2-3. 
 
Figure 2-3: Equivalent bow forces 
Indeed, if we consider a parabolic form of the deformed structure, according to the boundary conditions 
in Eq. (2-5) , the equation of the structure results in Eq. (2-6) . Then, by taking into account the 
equilibrium of the deformed shape of the structure in Eq. (2-7), we conclude in the proposed measure 
of the external forces in Eq. (2-8). 
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Imperfection in the shape of the elastic critical buckling mode 
Finally, Eurocode 3 additionally provides the choice of using an alternative imperfection instead of the 
aforementioned, taking advantage of the shape of the elastic critical buckling mode of the structure. In 
practice, this type of imperfection replaces the global sway and the local bow imperfection in frames. 
In structures with geometry that is not distinctive like in frames, where the sway imperfection can be 
defined, this type of imperfection seems imperative. The measure of the imperfection should be defined 
from Eq. (2-11) - which derives from Eq. (2-9) and (2-10) of Eurocode 3 - and must be applied to the 
point that may produce the most unfavourable condition for the structure, e.g. to the point that deforms 
most. 
This kind of imperfection takes into account the flexural buckling resistance of the structure with 
allowance for P-δ effects. Like in the buckling curves of Eurocode 3, the measure and the equations of 
the imperfections have been applied in single members. Moreover, the external forces in most of those 
analyses are axial. Nevertheless, according to the general method of checking the buckling resistance 
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where  
a is the imperfection factor according to the relevant buckling curve 
m









M  is the characteristic bending resistance of the section – either plastic or elastic 
depending on the category of the section 
II
max
η  is the maximum deformation of the structure in the shape of the buckling mode 
II
ηcr m
M  is the bending moment due to the deformations of the elastic critical buckling mode 
at the critical cross section 
The form of Eq. (2-11) is used in reference [1]. The precise methodology that should be followed to 
determine the value of the imperfection is the following: 
 A Linear Buckling Analysis (LBA) determines the critical buckling factor of the structure acr. 
 Calculation of the non-dimensional slenderness, according to Eq. (2-12) 
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 (2-12) 
The factor acr has been calculated in the first step. Moreover, NEd should be the axial force in the most 
unfavourable column, as a result of a second order analysis with the design external forces. 
 The remaining factors |Mn,cr|m and 
|η|max should be the outcome of an elastic Linear Buckling Analysis 
(LBA). However, LBA does not provide reactions as a result of its analysis. Thus, the bending moment 
due to the deformations of the elastic critical buckling mode at the critical cross section |Mn,cr|m could 
be calculated if a random initial prescribed deformation |η|max is applied in the most unfavourable 
point of the structure in the form of the first critical buckling mode.  
 Finally, the output of the analysis of step 3 is |Mn,cr|m and the components of Eq. (2-11) have been 
successfully filled. 
To elucidate those steps, it is crucial that we confirm those proposals with the outcomes of reference 
[1]. 
First, we create an equivalent model to the one presented in reference [1]. 
 
Figure 2-4: Model of the structure of reference [1] 
The parameters used in the model are the same as in the example of reference [1]. 
Material Bi-Linear S355 
Columns HEA300 
Beams IPE A 550 
Meshing Adequate enough to produce precise results 
Boundary conditions Fixed ends 
According to the first step of the methodology, a Linear Buckling Analysis (LBA) should be applied in 
the structure. The result of the buckling analysis is more or less equal to the one shown in the reference. 
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Figure 2-5: First buckling mode of the structure of reference [1] 
After Linear Buckling Analysis (LBA), it is necessary to determine the maximum axial force NEd in the 
structure which must be subjected to a second order analysis (Geometric Material Non Linear Analysis, 
GMNA). 
The results are presented in Table 2-2 and the respective diagrams in Figure 2-6 .They are 
approximately equal (less than 5% deviation) to the results of the reference. 
Table 2-2: Section Forces of the structure of reference [1] by GMNA analysis 
 1 3 4 5 7 8 
Axial Forces (kN) -1373.70 -1486.19 -859.11 -364.70 -375.18 -900.91 
Moments (kNm) 
-100.96 -253.89 280.37 240.81 -264.95 -345.63 




Figure 2-6: GMNA (a) bending moments (b) axial forces of the structure of the reference [1] 
Taking the results of Table 2-2, it is assumed that NEd = 1486.17kN in the critical column No. 3 on the 
base of the structure. 
Finally, x-eigenvector results of the Linear Buckling Analysis are exported. These displacements should 
be used as prescribed in a structure without the external forces, as presented in Figure 2-7. 
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Figure 2-7: Prescribed deformation for determining the |Mn,cr|m 
In total, the calculation of the initial imperfection is proceeded as follows: 
m 3
11250 355












M = 250.09kNm  
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a λ λ η 0.34 0.5531- 0.2 48




The measure of the initial imperfection is equal to the one in reference [1]. 
The process of calculating that value is admittedly severe. However, there is not a proposed that regards 
the estimation of that value and consequently the aforementioned method is suggested. 
2.2 OBJECTIVE AND SCOPE 
The scope of this Chapter is the evaluation and the comparison of the different proposals of Eurocode 
3, as presented in Chapter 2.1. In particular, the questions that should be answered are the following: 
 Is the requirement value acr - that allows for 1st order analyses - accurate enough, or is it 
conservative? 
 In the case of sway and bow imperfections, are geometric equivalent forces actually equal to the 
results of geometrically applied imperfections? 
 How is imperfection in the shape of the critical buckling mode - proposed in Chapter 2.1.2 - 
differentiated in structures of different slenderness? 
 Which is the most unfavorable direction of bow local imperfection in frame structures? 
 In which structures is the effect of the material consequential? 
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In order to respond to these questions, it is vital that structures of different acr - in terms of sway 
buckling mode - be examined. Therefore, a parametric analysis that takes into account the factor acr 
must be conducted. However, the results of the structures analysed should be totally comparable in 
order to evaluate the differences appeared in the analyses. For instance it would not be accurate to 
examine structures that vary in terms of acr but their sections and external forces are totally incoherent. 
As the value of acr is exclusively dependent on the shape of the structure, the boundary conditions, the 
external forces and the sections from which the structure is comprised, a comparable method should 
have all those parameters fixed, except one. In the presented thesis, the structure and the sections 
were chosen constant in every analysis. As a consequence, the distinctive factor of the analysis will be 
the external horizontal and vertical forces applied in every point of the structure as shown in Figure 2-8. 
   
(a) (b) (c) 
Figure 2-8: Types of structures analyzed in terms of external loading (a) Load 1 (b) Load 6 (c) Load 9 
The analyses are conducted in nine different external combinations of horizontal and vertical loading, 
while keeping constant the distributed load in the beams. This will ensure that the beams will not 
differentiate the results. 
Finally, due to the reason that imperfections and second order effects have their most impact on 
structures that are close to their Ultimate Limit State (ULS), another demand arises; that of loading the 
structures close to that limit. As a consequence, in every structure that will be examined an analysis 
that is closest to reality is chosen, e.g. Geometrically & Materially Non Linear Imperfection Analysis 
(GMNIA) which brings the structure to its ULS.  
All things considered, nine different kind of external forces in structures of constant sections and 
boundary conditions that are in their ultimate limit state in geometrically and materially non-linear 
analyses with imperfections (λ=1 in collapse analysis, according to ADINA) are examined. In the end, a 
comparison will be conducted in all distinctive structures and types of analyses. 
The current Chapter 2 focuses on structures that plastic analysis is allowed. On the other hand, 
Chapter 3 focuses mainly on elastic analysis according to the proposed amendments of Eurocode 3, 
Chapter 5.2. 
2.3 TYPES OF ANALYSIS 
The types of analysis that are conducted in the current Chapter can be summarized in the Table 2-3. 
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Table 2-3: Types of analysis for examining plastic analysis 
Type of Analysis Analysis Details 
Materially Non Linear 
Analysis 
MNA No imperfection 
MNIA (Sway) Only sway imperfection 
Geometrically & 
Materially Non Linear 
Analysis 
GMNA No imperfection 
GMNIA 
Imperfection in the shape 
of the critical elastic mode 
GMNIA (Sway) Only sway imperfection 
GMNIA (Sway & Bow) Sway & bow imperfection  
Linear Analysis LBA Buckling analysis  
To scrutinize Table 2-3 and the steps followed to conduct each analysis: 
MNA 
Even if this type of analysis is never used without adding an imperfection, it is examined in the current 
thesis to delve more deeply into the impact of the material non linearity of structures with varying 
slenderness. 
LIA (Sway) 
In practice, engineers usually use either this analysis or materially non-linear analysis. The checks that 
should be applied in this case are the same as in MNIA (Sway) along with section resistance checks. 
The results from this analysis are expected to be much more conservative than in MNIA analysis, as the 
latter takes into account the ability of the structure to resist after-buckling deformations. 
MNIA (Sway) 
This is the kind of analysis that engineers usually conduct in the case that the more precise GMNIA is 
either hard to be examined or there are not possessed the appropriate software. The imperfection will 
be applied geometrically, as it is more accurate than the equivalent forces. The comparison of these 
two methods will be examined in other analysis. There is no reason in adding bow imperfections in 
members, as the analysis cannot take into account the buckling of the members (geometrically linear 
analysis). As a result, it is compulsory that buckling curves are used. Consequently, in order to avoid 
double consideration of bow imperfections, they should not be applied in the analysis, because they are 
estimated in the curves. 
GMNA 
This type of analysis is necessary for the calculation of the measurement of initial imperfection in the 
shape of the critical elastic mode. Moreover, a comparison with both MNA & GNA analysis will clarify 
the impact of both geometry and material on the structure. Additionally, the axial forces of this analysis 
will be used for the determination of the equivalent forces of global sway and local bow imperfections. 
GMNIA 
This is the main type of analysis and theoretically the most accurate. This is the first analysis that is 
examined in the structure, as it defines the external loading (GMNIA is chosen as the analysis that brings 
the structure to the ultimate limit state). It is clear that the process of estimating the loading is repetitive. 
To illustrate this point, the steps followed to examine that analysis are summarized in the following 
points: 
 A set of external loading is chosen in accordance to the demands of varying factor acr. This can be 
accomplished after a linear buckling analysis (LBA). 
 The methodology of Chapter 0 is followed to determine the initial imperfection in the shape of the 
elastic critical mode. 
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 A collapse analysis in the structure with the measurement of the imperfection calculated in Step. 2 
and with the shape of the first critical buckling mode determines the multiplying factor λ of the 
structure.  
 If that factor is not equal to one (λ≠1) the steps should be followed again until λ=1. 
Nevertheless, this repetitive process converges quickly as the measurement of the initial imperfection 
does not diversify greatly from one structure another. 
GMNIA (Sway & Bow) 
One of the main aims of that chapter is to compare the different types of imperfections. The outcomes 
of this analysis should be equal or at least comparable to the results of the GMNIA analysis with 
imperfections in the shape of the critical elastic mode. The imperfections will be applied both 
geometrically and with the equivalent forces. Finally, the most unfavourable direction of the bow and 
sway imperfections will be proposed. The local bow imperfection when applied geometrically, is not 
easy enough to be defined. In the case that the engineer wants to use the geometry of that imperfection, 
Eq. (2-6) should be used for each member. The process that allows for such an altered geometry may 
vary from software to another. Specifically in ADINA, a way to achieve this objective is by modifying the 
already meshed structure, by applying the final coordinates of the structure as shown in Figure 2-9, 
following the steps: Meshing-Nodes-Define. The deformed structure may be seen in the model 
distinctively. 
 
Figure 2-9: Bow imperfection geometrically defined on ADINA 
Analyses in the structures examined in the current thesis, indicated that the most unfavourable bow 
direction is the positive for all columns, presented in Figure 2-10(a). The higher the internal critical 
forces are, the more unfavourable the direction of the three different types of bow imperfections 
analysed. To illustrate the description, Figure 2-10 shows all possible directions analysed.  
   
(a) (b) (c) 
Figure 2-10: Potential directions of bow imperfection (a), (b), (c). 
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GMNIA (Sway) 
By this analysis - in addition to the one mentioned above - the impact that bow imperfections have on 
structures will be determined, as sway imperfections are common to these two types of analysis. When 
global sway imperfections are applied geometrically, different coordinates of the points of the structure 
should be defined, as shown in the Eq. (2-3). 
The objective of each analysis is the comparison of the resistance of each one with the theoretically 
accurate way of examining a structure, i.e. GMNIA. Consequently, in the end of every analysis, it is 
compulsory that the factor λ be calculated. If that factor is greater than λGMNIA=1, is means that the 
respective type of analysis is less conservative than the actual resistance of the structure. This is actually 
an unfavourable case of analysis. On the other hand, if that multiplying λ is less than λGMNIA=1, this 
means that the type of analysis is conservative and, thus, this is a favourable condition. However, a 
relatively large deviation should not be allowed, as the structure would be over-conservative.  
2.4 TYPES OF CHECKS 
2.4.1 Materially non-linear analysis 
Each one of the aforementioned types of analysis should be examined with the proper checks of 
resistance.  
In the case that the analysis type takes into account only material non-linearity, it is not necessary for 
the engineer to examine the resistance of the material. It is compulsory, though, to proceed in member 
stability checks, as second order phenomena are not considered in the analysis. As the frame is plane 
in the current Chapter 2, the stability checks are implemented on the strong axis of the structure. That 
said, it is supposed that the structure is supported in the weak axis. Thus, the stability checks should 
be processed according to the Eq. (2-13). 
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The sections that have been used, have the potential to reach a plastic resistance and, as a result, NEd 
and My,Rk can be calculated according to the plastic strength of the section. 
The value χy and consequently χLT may be calculated either using the results of the software used or 
using the equations provided by Eurocode 3. The difference of these two distinctive ways of calculating 
the reducing factor results from the different ways of calculating the non-dimensional slenderness of 











The factor acr is calculated by the linear buckling analysis (LBA) of the software and concerns either the 
whole structure as a result of a global sway buckling mode or the lateral buckling of a single member. 
In the case presented in the current thesis, the critical buckling mode in the 2-D plane in always the 
sway mode. The factor NEd is determined by the analysis that is examined in each case. 
Using Eurocode 3 
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The factor Lcr should be determined using the Eq. (2-16) and the ENV1993-1-1/1992 Fig. E.2.2 according 
to Eurocode 3 for transposable frame structures. If the structure is not transposable, then ENV1993-1-
















After estimating the non-dimensional slenderness by using one of the mentioned methods, the reducing 












Figure 2-11: Calculation of buckling length of columns in frames (a) factors η1, η2 (b) factor k of length 
It is clear that, by using the method proposed by Eurocode 3, the non-dimensional slenderness is not 
dependent on the internal forces - mainly the axial. This is inaccurate as the buckling resistance is 
correlated with the axial internal forces in columns. This is illustrated by the following example which is 
part of the analyses of the structure that will be presented in the next chapters. 
Using the structure of Figure 2-4 with beams IPE500 and columns HEA320, for the most unfavourable 
column 3: 
Using Eurocode 3 
Iy,col=22930cm4, Iy,beam=48200cm4, Lcol,c=500cm, Lcol,1=300cm, Lbeam=1000cm and thus, 
η1=0.63, η2=0 (fixed). Consequently, βy=1.33 and Ly=6.65m 
Finally, Ncr=10746.8kN and λ̅m=0.64 and χy=0.82 
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Using software ADINA 
The results in that case are dependent upon the acr of the structure, as shown in Eq. (2-14). 
Taking the structures presented in Figure 2-8 one could see that in cases: 
Load 1:  acr=5.96, NEd,GMNA=2373.71kN, NRk=4415.057kN → λ̅m=0.56 and χy=0.86 
Load 6:  acr=13.52, NEd,GMNA=1193.24kN, NRk=4415.057kN → λ̅m=0.52 and χy=0.87 
Load 9:  acr=21.44, NEd,GMNA=857.69kN, NRk=4415.057kN → λ̅m=0.49 and χy=0.89 
It is clear that the reducing factor χy is dependent on the axial internal force of the column examined. 
When the axial forces of the columns of the structure are increased, the reducing factor decreases in 
contrast to the proposal of Eurocode 3 in which that factor appears dependent only on the sections and 
dimensions of the structure. 
Nevertheless, the values of the reducing factor χy are not highly divergent on these two methods. 
However, it is suggested that the more realistic proposal by using a software is applied. But even in the 
case that Eurocode 3 is used, the results would be conservative as the reducing factor χy is less than 
the one calculated by software. 
After calculating the reducing factor according to the buckling curves, the factors kyy and χLT of the Eq. 
(2-13) should be considered. Factor χLT is calculated using the Eq. (2-18), (2-19) and (2-20). Eq. (2-20) 
has this form, as there is no distributed load in the columns of the presented thesis. Moreover, in Eq. 
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Due to the non-linearity of the material, it is compulsory that a repetitive process is followed to 
determine the multiplying factor that will render the structure instable. The criteria that will satisfy this 
demand are presented by the equations presented in this subchapter. 
Finally, the beams that are part of the structure might not be checked regarding instability because 
slabs restrict the displacements out of plane, namely the lateral and lateral-torsional buckling of beams. 
2.4.2  Geometrically and materially non-linear analysis 
In this case, lateral buckling can be detected from the software, as large displacements are available. 
Therefore, stability checks of lateral buckling should not be conducted in the structure. However, due 
to the usage of beam elements for modelling the structure, lateral-torsional buckling checks should be 
applied in the structure. In the case that shell elements are used, there is no reason for examining 
lateral-torsional buckling and local buckling effects, as they are indicated by the software.  
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As a consequence, it is clear that geometrically and materially non-linear analyses should be applied 
with either imperfection in the shape of the critical elastic mode or both sway and bow imperfections. 
Indeed, as no stability checks are required in this type of analysis, it is necessary that the engineer 
takes into account the imperfections. In cases like linear or only materially non-linear analyses, buckling 
curves should be used and consequently nothing else but sway imperfection should be applied in the 
structure.  
In addition to the checks mentioned in both Chapters 2.4.1 and 2.4.2, shear forces checks should be 
conducted in every section of the structure. Generally softwares are able to determine these checks 
when materially non-linear analysis are examined. Nevertheless, as it is stated in Chapter 2.5 the 
material and the sections of the structure have been equivalently applied by Μ-θ curves. By these 
curves, it is impossible that shear forces checks are conducted by the software, as the geometry of the 
sections has not been determined. Consequently, in both beams and columns, it is vital that checks of 
Eq. (2-22) be made. 
Ed pl,Rd
V 0.5V  (2-22) 
In the analyses of the current thesis, the condition of Eq. (2-22) is always positive and as a result the 
reduced moment resistance should not be calculated.  
2.5 MODELLING OF THE STRUCTURE 
Sections & External Forces 
At the present subchapter there will be a brief summary of the modelling of the structure. The structure 
examined in the thesis has the same shape of the one analysed in Reference [1]. The characteristics of 
the structure such as the lengths of both beams and columns, the types of the sections are specific. 
Nevertheless, the outcomes from the analyses will not concern exclusively the exactly same chosen 
structure because the final results will be presented in terms of general values such as relative 
slenderness, multiplying buckling factors acr among others. Consequently, the results will have a more 
general application in practice despite the fact that a specific structure is used for the analyses.  
 
Figure 2-12: Structure used in the analyses 
The columns are selected to be HEA320, a section that is not adding local buckling phenomena in the 
structure. Moreover, the selection of the beams should not be incidental. According to a realistic 
procedure for choosing sections for the beams and taking into account earthquake designing demands, 
the resistance of beams should be less than that of columns. Furthermore, beams should resist both 
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the distributed loading and the extra loading resulting from nodal forces in the points of the structure. 
Consequently, external forces should first be determined to wisely select sections for the beams. 
According to Eurocode 1, Table 6.2, structures of class C2-C4, moving load is chosen to be q=5kN/m2. 
Dead loads are equal to g=0.15∙25=3.75kN/m2 which is actually the distributed loading of the slab. 
Moreover, extra beam loads are considered to be g’=0.8kN/m2. 
These values are applied in the beams that hold the floors. For beams of the upper roof, wind and ice 
loads, w=0.4kN/m2 and s=1.25kN/m2 respectively, should be considered in the analysis. Thus, the total 




Thus, qfloor=13.6kN/m2 and qroof=max (qroof,1, qroof,2)=8.4kN/m2 
The estimation of the designing forces is not thoroughly approached, as it is not a determining factor.  
Considering a realistic 3D structure with a rectangular floor plan of dimensions 10x7 and following the 
realistic concept of simply supported slab, the designing forces of the beams are equal to 
qb,floor=0.5∙7∙qfloor~50kN/m, qb,roof=0.5∙7∙qroof~30kN/m. To illustrate this, Figure 2-13 is presented. 
 
Figure 2-13: 3D potential structure 
Analyses that examined the total spectrum of potential structures indicated that the critical beam 
possess Nmax=120kN/m2 and MEd ranges from 100kNm to 700kNm. The dilemma that inevitably arises 
is whether to choose beams that meet the demand of earthquake designing in every case and 
consequently apply a different beam for every structure or to choose a common beam for every 
structure. As the nature of the calculations are theoretical and the outcomes of the analyses should be 
comparable, the latter choice is applied. As a result, the IPE section selected for beams is IPE500. 
Sections & Material 
In the present Chapter 2, the plastic resistance and generally behaviour will be examined. Because of 
the absence of local buckling phenomena, beam elements are considered adequate for the analyses. As 
software ADINA that is used for the total amount of the analyses is known to be flawed in determining 
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the plastic behaviour and consequently resistance of I-type beam sections, another equivalent way of 
calculating the results should be followed. This could be nothing more than M-θ curves.  
Μ-θ curves derive from specific material and section for the spectrum of axial forces in this particular 
set of material and cross section. That spectrum ranges from N=0 to N=Npl,Rd. Negative values might 
not be calculated, as these diagrams are symmetric in metal sections. Special attention should be given 
in the fact that as axial forces increase, the curvature in which the section collapses decreases. This 
happens because the elasticity of the structure decreases. Moreover, as axial forces converge to the 
plastic axial resistance Npl,Rd of the section, bending moments cannot be supported. Indeed, the tension 
in every point of the section equals to the material’s resistance in this case and consequently the section 
cannot stand more tension produced by bending moments. To illustrate these points, Figure 2-14 is 
presented. 
 
Figure 2-14: M-θ curves of HEA320 column section for representative axial forces 
There are several softwares that provide such calculations. In the current thesis, Biaxial Bending by 
TechnoLogismiki Works is used. The step of axial forces is chosen to be 10kN while as the axial force 
increases it is chosen to be 25kN. The step is considered adequate enough to produce reliable results. 
Additionally, initial curvature step equals to 0.00001 (1/mm), which is detailed enough. This factor 
determines the number of points from which the final Μ-θ curve is comprised of. 
Aside from the fact that this process requires a lot of effort from the engineer, inputting the data in 
ADINA is also an arduous process. Some important points are summarized: 
 The number of points used in every graph that represents an axial force should be the same. That 
said, after calculating the curves by the software, it is required that some values are deleted manually. 
The number of values that should be deleted is determined by the graph that represents the 
maximum axial force, as in this case the number of points is the least. 
 In a specific M-θ curve, it is compulsory that the slope decreases as the diagram progresses. If this 
requirement is not fulfilled, the analysis is stopped. This demand can be checked by a programming 
software. 
 In the case that the structure is two-dimensional (2D), bending moment in the weak axis and torsional 
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An analyses is chosen randomly to determine the meshing that is adequate enough to generate reliable 
and accurate results. Applying consecutive doubling of the meshing in an analyses determined that 
convergence with less than 0.1% deviation is indicated in a meshing with 50,100 and 125 number of 
subdivisions in small columns, high columns and beams respectively. This is the meshing applied in all 
of the structures and analyses calculated in the current thesis. 
Degrees of freedom 
As out of plane effects are absent from the analyses, releases in the plane of the structure are adequate 
enough for the calculations. Indeed, comparison in the analyses of 2D degrees of freedom and an 
equivalent two dimensional structure with 3D degrees of freedom (in which out of plane displacements 
of beams are restricted) determined that the results are exactly equal to each other. Consequently, the 
structure is chosen to be analysed in degrees of freedom in the plane of the structure, as shown in 
Figure 2-12. 
2.6 RESULTS OF ANALYSES 
2.6.1 Slender Structure (acr=5.96) 
 
Figure 2-15: Model of slender structure (acr=5.96) 
 The external forces that are applied to the structure are presented in Table 2-4 and additionally shown 
in Figure 2-15. As explained in Chapter 2.3, the indicated loading resulted from the demand that the 
geometrically and materially non-linear analysis forces the structure to collapse, named λ=1. The reason 
why the structure collapsed is the creation of a mechanism in the first floor, as it is clear that the lower 
levels of the structure are the most affected by the loading. According to Eurocode 3, this structure 
should be accounted with second order effects, as acr<10. 
Table 2-4: External loading of slender structure (acr=5.96) 
Point H (kN) V (kN) 
6-7 16 500 
5-8 21 550 
2-3 26 600 
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In Table 2-5 and Table 2-6, the analyses of the structure are presented. Moreover, it is crucial that the 
percentage differences among these analyses are shown to indicate the impact that imperfections or 
other factors have in the structure. 
Table 2-5: MNIA (Sway) & GMNIA comparison of slender structure (acr=5.96) 
MNIA (Sway) 1 3 4 5 7 8 
Axial Forces (kN) -2234.44 -2365.17 -1422.08 -641.36 -658.55 -1477.70 
Bend. Moments (kNm) 
-154.66 -241.69 223.79 182.60 -200.03 -295.67 
57.14 242.91 -109.76 -167.29 257.12 284.99 
GMNIA 1 3 4 5 7 8 
Axial Forces (kN) -2211.51 -2388.36 -1417.74 -640.46 -659.80 -1482.94 
Bend. Moments (kNm) 
-294.93 -283.94 261.14 180.39 -187.85 -325.28 
195.56 284.38 -92.21 -161.54 263.38 323.00 
Perc. Difference (%) 1 3 4 5 7 8 
Bend. Moments (kNm) 
90.69 17.48 16.69 -1.21 -6.09 10.02 
242.25 17.07 -15.99 -3.44 2.43 13.34 
 
Table 2-6: Geometrically non-linear analyses with varying imperfections of slender structure (acr=5.96) 
GMNA 1 3 4 5 7 8 
Axial Forces (kN) -2226.24 -2373.71 -1421.12 -641.28 -659.09 -1479.73 
Bend. Moments (kNm) 
-191.44 -274.31 230.79 184.55 -196.37 -296.85 
101.53 270.26 -101.45 -167.17 259.04 296.54 
GMNIA (Sway) 1 3 4 5 7 8 
Axial Forces (kN) -2217.00 -2382.52 -1417.99 -640.54 -659.69 -1482.64 
Bend. Moments (kNm) 
-239.17 -282.75 238.07 181.72 -194.80 -310.52 
140.34 280.66 -92.68 -161.49 264.27 311.28 
GMNIA (Sway, Bow) 1 3 4 5 7 8 
Axial Forces (kN) -2220.09 -2376.46 -1422.04 -643.38 -656.08 -1476.75 
Bend. Moments (kNm) 
-283.98 -287.83 230.09 175.62 -199.74 -326.08 
125.06 255.50 -106.02 -167.19 258.40 299.59 
GMNIA 1 3 4 5 7 8 
Axial Forces (kN) -2211.51 -2388.36 -1417.74 -640.46 -659.80 -1482.94 
Bend. Moments (kNm) 
-294.93 -283.94 261.14 180.39 -187.85 -325.28 
195.56 284.38 -92.21 -161.54 263.38 323.00 
Table 2-5 presents the difference between the real resistance of the structure as a result of a second 
order analysis and the first order analysis as it would be applied in reality by engineers. The realistic 
behaviour of the structure is presented in GMNIA - where imperfection has the shape of the elastic 
critical buckling mode - while the first order analysis in practice would be applied with sway global 
imperfections as these kind of imperfections cannot be taken into account by using the buckling curves. 
The difference between these two types of analysis exceeds the considerable value of approximately 
200%, while the designing value of the section has a difference of 90%.  
The differences in the two analyses might be significant and one should not neglect them. Nevertheless, 
MNIA analysis has not considered the effects of lateral buckling and bow imperfections using buckling 
curves. Thus, the realistic difference among those two results is presented in Table 2-7 the values of 
which have been resulted after member checks in columns.  
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Table 2-6 presents geometrically and materially non-linear analyses considering every possible type of 
imperfection. Many are the conclusions which can be deduced from that Table: 
 Imperfections might have such impact in the structure, which could double the design values of the 
sections. 
 The effect of bow imperfections is quite considerable, as it might alter the internal forces of analysis 
that take into account only sway imperfections for about 20%. 
 There is not a distinctive correlation between GMNIA were imperfection has the shape of the critical 
elastic mode and GMNIA were imperfections are applied in the shape of a global sway and local bow 
imperfections. The difference of these two types of analysis is not significant though, leading to a 
maximum of 35%, while 5% is the discrepancy in the designing value of the section. 
Finally, analyses of geometrically applied imperfections and equivalent external forces indicated that the 
results are exactly equal to each other. What is most surprising is the fact that the percentage difference 
of these analyses reaches the maximum value of 0.16%. This proves that these methods are equal and 
engineers could either the former or the latter. 
GMNIA Analysis 
At this point, it is considered vital that a more extended examination of the GMNIA results - where 
imperfection has the shape of the critical elastic mode - is presented. The value of that imperfection 
was calculated according to the process described in Chapter 0, ηinit,m=40.61mm. 
The equilibrium path of the structure is presented Figure 2-16. The multiplying factor λ is the factor by 
which the nodal horizontal and vertical forces have to be multiplied to make the structure collapse. The 
distributed load of beams has been considered constant. The displacement used to in this curve is the 
most characteristic of the structure, x-displacement. Additionally, the curve presents the way the 
structure behaves in the ultimate limit state. A notable fact shown in the curve is that there is not a 
distinctive downward curve that indicates the creation of a mechanism in the first floor. The reason why 
the structure collapses is lateral buckling of column 3 and thus it is slightly seen in Figure 2-17. Lateral 
buckling can be indicated by checking by hand the equations following the process described in 
paragraph 2.4.1. 
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Figure 2-17: GMNIA collapse of slender structure (acr=5.96) 
The main objective of the analyses are presented in Table 2-7. As mentioned in previous Chapters, the 
most crucial purpose of this thesis is to determine the differences in the resistance that result from all 
types of analysis in divergent structures. These results are presented by the multiplying factor by which 
the external forces should be multiplied to collapse the structure. If λ>1, the structure is secure. On the 
other hand, the lower the value of λ, the more vulnerable the structure is. The conclusions made by the 
Table are the following: 
 MNIA (Sway) analysis is more conservative than the realistic GMNIA. Consequently, even if the 
percentage difference among these analyses is considerable, engineers could use MNIA (Sway). The 
reason why GMNIA and MNIA (Sway) analyses diverse considerably is because member checks 
performed for MNIA (Sway), like every check, do not let for elasticity in the structure. 
 The more the types of imperfections added to the structure, the less conservative the analysis is. 
 GMNIA, where the imperfection has the shape of the elastic critical buckling mode appears less 
conservative than GMNIA where both sway and bow imperfections are added manually. Nevertheless, 
it is suggested that imperfections are used in the shape of the critical buckling mode, as they take 
into account the characteristics of the sections in contrast to bow and sway imperfections. It is clear 
that analyses that consider the characteristics of the structure entail more valuable results. 
Table 2-7: Resistance results of slender structure (acr=5.96) 
Analysis λ 
LIA (Sway) 0.81 
MNIA (Sway) 0.85 
GMNA 1.077 
GMNIA 1.000 
GMNIA (Sway) 1.037 
GMNIA (Sway, Bow) 1.017 
2.6.2 Structure of medium slenderness (acr=13.52) 
This is the sixth less slender structure examined in this thesis. The other structures are chosen not to 
be presented thoroughly, as only their final results are of the most importance. The reason why the 
structure of the present Chapter is chosen to be presented is because the factor acr~15 which is the 
limit that obliges engineers to examine the structures taking into account P-δ effects. It is expected that 
a convergence is appeared in the results, as the more rigid the structure, the less both second order 
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analysis effects and imperfections affect the structure. The external forces that are applied to the 
structure are shown Figure 2-18. 
 
Figure 2-18: Model of medium slenderness structure (acr=13.52) 
It can be concluded from the range of the structures examined, that buckling multiplying factor acr is 
particularly dependent on the external vertical forces, irrespective of the horizontal loads. The higher 
the values of the vertical loads, the more slender the structure is. This statement might be seen by 
comparing Table 2-4 of the slender structure and Table 2-8 of the structure of medium slenderness. 
Table 2-8: External loading of structure of medium slenderness (acr=13.52) 
Point H (kN) V (kN) 
6-7 48 100 
5-8 54 120 
2-3 57 150 
The comparison between Table 2-5 and Table 2-9, leads to the expected results. In a structure that is 
less slender or equally more rigid, non-linear analyses and linear analyses converge. The percentage 
difference between these analyses as presented in Table 2-9 is approximately equal to 10% for the 
values of the internal forces that should be used to choose the most efficient section of the columns. 
This deviation in the results is acceptable for engineers’ calculations. Consequently, it could be deduced 
that first order analysis is adequate for this type of structure and slenderness. Nevertheless, the realistic 
resistance of the structure, after proceeding to the necessary checks of the members, is presented in 
Table 2-11. 
Table 2-9: MNIA (Sway) & GMNIA comparison of structure of medium slenderness (acr=13.52) 
MNIA (Sway) 1 3 4 5 7 8 
Axial Forces (kN) -861.22 -1177.85 -546.18 -226.29 -273.43 -693.22 
Bend. Moments (kNm) 
-483.49 -465.95 182.06 157.36 -210.15 -357.34 
247.49 420.44 15.95 -92.11 331.65 431.51 
GMNIA 1 3 4 5 7 8 
Axial Forces (kN) -830.57 -1207.21 -531.93 -223.54 -276.01 -705.14 
Bend. Moments (kNm) 
-523.85 -464.33 244.00 172.86 -198.55 -321.08 
448.58 463.25 91.05 -76.81 349.60 503.07 
Perc. Difference (%) 1 3 4 5 7 8 
Bend. Moments (kNm) 
8.35 -0.35 34.02 9.85 -5.52 -10.15 
81.25 10.18 470.78 -16.61 5.41 16.58 
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Table 2-10: Geometrically non-linear analyses with varying imperfections of structure of medium slenderness 
(acr=13.52) 
GMNA 1 3 4 5 7 8 
Axial Forces (kN) -845.86 -1193.24 -538.89 -224.96 -274.82 -699.48 
Bend. Moments (kNm) 
-521.47 -466.10 205.07 164.59 -203.79 -335.37 
338.66 449.07 53.71 -84.56 341.41 469.40 
GMNIA (Sway) 1 3 4 5 7 8 
Axial Forces (kN) -836.80 -1200.70 -534.55 -224.14 -275.31 -702.87 
Bend. Moments (kNm) 
-523.02 -465.21 220.84 168.52 -201.56 -324.82 
390.58 460.22 75.22 -79.23 346.96 488.74 
GMNIA (Sway, Bow) 1 3 4 5 7 8 
Axial Forces (kN) -831.81 -1199.57 -534.72 -225.54 -272.24 -698.87 
Bend. Moments (kNm) 
-523.69 -465.45 225.47 168.44 -202.78 -325.45 
408.79 459.85 78.48 -79.85 346.34 490.72 
GMNIA 1 3 4 5 7 8 
Axial Forces (kN) -830.57 -1207.21 -531.93 -223.54 -276.01 -705.14 
Bend. Moments (kNm) 
-523.85 -464.33 244.00 172.86 -198.55 -321.08 
448.58 463.25 91.05 -76.81 349.60 503.07 
 
The expected results are also shown in Table 2-10. Aside from some values in distinctive cross sections 
that diverge irregularly, the values of the internal forces in the critical sections are completely 
convergent. The impact of imperfections in this case is negligible and consequently they could be 
avoided. If all the sections are to be taken into account, then a significant difference in the results is 
observed. In this case, the impact of imperfections is negative, especially when both sway and bow 
imperfections are applied.  
Finally, analyses of geometrically applied imperfections and equivalent external forces indicated that the 
results are exactly equal to each other. Like in Chapter 2.6.1, what is most surprising is the fact that 
the percentage difference of these analyses reaches the maximum value of 0.76%. This proves that 
these methods are equal and engineers could either the former or the latter. 
GMNIA Analysis 
At this point, like in Chapter 2.6.1 it is vital that a more extended examination of the GMNIA results - 
where imperfection has the shape of the critical elastic mode - is presented. The value of that 
imperfection was calculated according to the process described in Chapter 0, ηinit,m=39.46mm. This 
value is relatively equal to the one of the slender structure. Nevertheless, the more slender the structure, 
the more high the value of the imperfection is. This observation is quite rational considering that is more 
natural that a slender structure has more significant imperfections in terms of both sway and bow 
imperfections. 
The equilibrium path of the present structure is shown in Figure 2-19. The respective curve of the 
slender structure is additionally added in this diagram to compare the results. The conclusions of this 
comparison are summarized: 
 The higher the value of acr, the more rigid the structure is. 
 The more rigid the structure is, the more displacements it can reach until collapse. Sometimes these 
displacements could be three times more than those of a slender structure. 
 After collapse, rigid structures are able to deform more than a slender structure. 
 If a structure is slender enough, it can collapse suddenly - particularly from buckling. 
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Figure 2-19: GMNIA equilibrium paths of structure 1 (acr=5.96) & structure 6 (acr=13.52) 
In contrast to the slender structure (acr=5.96), structure 6 (acr=13.52) collapsed as a result of a first 
floor mechanism. No lateral buckling indicated, the collapse was a result of creation of plastic hinges on 
the corners of the first floor. To depict this, Figure 2-20 is presented. 
 
Figure 2-20: GMNIA collapse of a structure of medium slenderness (acr=13.52) 
Finally, the results are presented in the aggregate in Table 2-11. 
Table 2-11: Resistance results of structure of medium slenderness (acr=13.52) 
Αnalysis λ 
LIA (Sway) 0.73 
MNIA (Sway) 0.735 
GMNA 1.033 
GMNIA 1.000 
GMNIA (Sway) 1.018 
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The conclusions that arise from the Table are the following: 
 LIA (Sway) analysis is the most conservative among the others. Consequently, in structures of 
medium slenderness, it would be acceptable if they were analyzed with linear analysis along with 
sway global imperfections. 
 A convergence in the results is observed in geometrically and materially non-linear analyses. This 
statement, also made in Table 2-10, means that imperfections have not a consequential impact on 
structures of medium slenderness. 
 MNIA (Sway) analysis appears to be approximately equal to the results of LIA (Sway). That said, this 
type of analysis could be used instead of LIA (Sway). Material’s effect is negligible to the structure. 
2.6.3 Rigid Structure (acr=21.44) 
 
Figure 2-21: Model of rigid structure (acr=21.44) 
In the end, the ninth analysis of the most rigid frame structure of Figure 2-21 will be examined. In 
contrast to the slender structure, this is the upper extremity of the analyses conducted in this Chapter 
of the thesis. The external loading consists of only horizontal nodal loads that render the structure 
slightly resistant according to GMNIA (λ=1). The loading that lead the structure to that limit is presented 
in Table 2-12. 
Table 2-12: External loading of rigid structure (acr=21.44) 
Point H (kN) V (kN) 
6-7 55 0 
5-8 65 0 
2-3 70.5 0 
Linear buckling analysis indicated that the elastic critical factor of the structure is equal to acr=21.44. 
Consequently, Eurocode 3 allows for first order analysis. Thus, it is expected that a more significant 
convergence of the first order and second order analyses is appeared. Indeed, results of internal forces 
and resistance checks of the structure meet the expectations. 
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Table 2-13: MNIA (Sway) & GMNIA comparison of rigid structure (acr=21.44) 
MNIA (Sway) 1 3 4 5 7 8 
Axial Forces (kN) -460.15 -838.74 -306.23 -120.95 -178.73 -493.08 
Bend. Moments (kNm) 
-561.19 -522.78 180.57 169.92 -209.76 -301.61 
348.73 484.96 103.21 -66.09 358.85 502.68 
GMNIA 1 3 4 5 7 8 
Axial Forces (kN) -431.24 -864.49 -293.00 -118.61 -180.72 -501.83 
Bend. Moments (kNm) 
-563.29 -519.53 234.13 194.01 -207.77 -264.40 
537.58 519.65 184.00 -52.94 376.65 550.78 
Perc. Difference (%) 1 3 4 5 7 8 
Bend. Moments (kNm) 
0.37 -0.62 29.66 14.18 -0.95 -12.34 
54.15 7.15 78.27 -19.90 4.96 9.57 
 
Table 2-14: Geometrically non-linear analyses with varying imperfections of rigid structure (acr=21.44) 
GMNA 1 3 4 5 7 8 
Axial Forces (kN) -439.06 -857.69 -296.25 -119.31 -180.26 -499.86 
Bend. Moments (kNm) 
-562.75 -520.40 214.47 187.67 -208.80 -266.63 
479.70 518.60 163.43 -57.11 371.96 541.84 
GMNIA (Sway) 1 3 4 5 7 8 
Axial Forces (kN) -433.69 -861.41 -294.03 -118.94 -180.29 -501.14 
Bend. Moments (kNm) 
-563.12 -519.93 224.27 190.95 -208.43 -264.84 
511.31 519.64 175.99 -54.09 375.33 546.42 
GMNIA (Sway, Bow) 1 3 4 5 7 8 
Axial Forces (kN) -429.80 -858.55 -294.26 -120.35 -177.05 -496.70 
Bend. Moments (kNm) 
-563.39 -520.30 224.62 190.89 -209.77 -265.78 
516.18 519.04 176.61 -54.78 374.61 545.61 
GMNIA 1 3 4 5 7 8 
Axial Forces (kN) -431.24 -864.49 -293.00 -118.61 -180.72 -501.83 
Bend. Moments (kNm) 
-563.29 -519.53 234.13 194.01 -207.77 -264.40 
537.58 519.65 184.00 -52.94 376.65 550.78 
 
It is crucial that the internal forces of beams are shown, as in this structure beams are yielding before 
columns and consequently are critical for the analysis. Internal forces of beams in the other analyses 
are approximately equal to the results of GMNIA, and consequently only Table 2-15 is chosen to be 
presented. 
Table 2-15: Beam internal forces in GMNIA of rigid structure (acr=21.44) 
GMNIA 1 3 8 
Axial Forces (kN) 159.68 -137.82 -2.826 
Bend. Moments (kNm) 
303.4810 -52.925 -9.978 
-777.3470 -376.632 -756.750 
Material resistance checks in beams indicate that MEd~Mpl,Rd=Wpl∙fy=778.9kN (the impact of axial internal 
forces is negligible according to Eurocode 3), a condition that is not observed in less rigid structures 1 
and 6 examined in Chapters 2.6.1 and 2.6.2. 
It is of utmost importance that the conclusions from the aforementioned Tables are presented: 
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 Lateral torsional (LT) buckling is apparently not a factor to consider in this structure. This has its 
ground on the fact that in the slender structure - where LT buckling is crucial - the axial forces are 
significant in comparison to the rigid structure. Hence, the compression length of the columns is 
higher in such structures and as a consequence they are more vulnerable to LT buckling. 
 The main reason why the structure collapses is a combination of beam and column yielding. The 
sections of beams were chosen to fit in the structure of medium slenderness and consequently it was 
expected that beams would be critical in this analysis. 
 The more rigid the structure is, the more the results tend to converge and the impact of imperfections 
to become inconsequential. 
 GMNIA and GMNA differ less than 1% in terms of the critical internal forces. 
Finally, analyses of geometrically applied imperfections and equivalent external forces indicated that the 
results are exactly equal to each other. The percentage difference of these analyses reaches the 
maximum value of 0.25%. This proves that these methods are equal and engineers could either the 
former or the latter. 
GMNIA Analysis 
The value of imperfection was calculated according to the process described in Chapter 0, 
ηinit,m=38.88mm. This value is relatively equal to the one of the slender structure. Nevertheless, the 
more slender the structure, the more high the value of the imperfection is. 
The equilibrium path of the present structure is shown in Figure 2-22. The respective curve of the 
slender structure and the structure of medium slenderness is additionally added in this diagram to 
compare the results. The conclusions of this comparison are summarized: 
 The higher the value of acr, the more rigid the structure is. 
 The more rigid the structure is, the more displacements it can reach until collapse. Sometimes these 
displacements could be three times more than those of a slender structure. 
 After collapse, rigid structures are able to deform more than a slender structure. 
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Table 2-16: Resistance results of rigid structure (acr=21.44) 
Αnalysis λ 
LIA (Sway) 0.70 
MNIA (Sway) 0.69 
GMNA 1.017 
GMNIA 1.000 
GMNIA (Sway) 1.006 
GMNIA (Sway, Bow) 1.006 
In conclusion, the following conclusions might be assumed from Table 2-16: 
 Imperfections have no impact on the structure. This means that despite the fact that the rigid 
structure has higher displacements, P-δ effects are negligible. This might seem like a paradox, but in 
reality, low values of axial forces in the rigid structure leads to insufficient P-δ effects. 
 The more rigid the structure, the more imperfections in the shape of critical elastic buckling mode 
converge with local bow and global sway imperfections. 
 MNIA (Sway), like LIA (Sway), diverges more from GMNIA as the slenderness of the structure 
decreases. This means that geometrically and materially non-linear effects are more significant in 
rigid structures, as the structure has higher displacements.  
After thoroughly examining the results of distinctive structures, it is vital that all the analysed structures 
are presented and compared. It is expected that the results follow a regular pattern as the slenderness 
diversifies.  
2.6.4 Results of all structures 
Figure 2-23 presents the equilibrium paths of geometrically and materially non-linear analysis (GMNIA) 
of all structures examined in the current thesis. These analyses are the foundation of the calculations 
conducted, as they are rationally supposed to converge to the realistic results. Thus, it is crucial that 
the behaviour of the structures is presented. In this graph, it is obvious that the external loading applied 
in every structure, brings it to the ultimate limit state (ULS) as λ=1.   
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The conclusions made from this graph can be summarized as follows0.: 
 Slender structures may collapse immediately. Indeed, the equilibrium path does not follow a regular 
pattern, but it breaks in small deformations. Moreover, they have not the ability of supporting large 
deformations. The geometry seems to play a substantial role on the behaviour of the structure which 
collapses exclusively from lateral buckling of the critical column. 
 Structures of medium slenderness tend to follow a regular pattern, as they collapse gradually by 
forming a mechanism on the first floor. The reason why they collapse is formation of plastic hinges 
in distinctive critical points of the structure. 
 Rigid structures tend to converge as far as deformations and resistance concerns. Geometry has 
almost no impact on the structure. The most crucial role of the structure’s behavior plays the plasticity 
of materials. The more the rigidity increases, the more the structure has the ability to deform without 
being collapsed. After yielding, rigid structures tend to deform more than slender. 
 The higher the value of acr is, the more rigid the structure is. 
To illustrate the substantial role of non-linearity in geometry in slender structures, Figure 2-24 is 
presented. According to this, MNIAnalysis (Sway) and GMNIAnalysis are compared for the entire 
spectrum of structures. The outcome from these graphs may be the following: 
 Even if member checks in slender structure (a) lead to relatively close multiplying factors λ, the 
behavior of the structure is appeared totally divergent. The influence of geometry is consequential 
as it entails approximately double deformations. By the MNIA curve one could see that the structure 
follows an elastic pattern. That said, slender structures are materially more linear than rigid. 
 In structures (b), where acr=13.52 and (c), where acr=21.44, the two approaches converge as far as 
the behavior of the structure concerns. The final deformations of the collapsed model are equal and 
the pattern that the equilibrium path follow is the same in both cases. 
 The more rigid the structure is, the more MNIA and GMNIA analysis converge. That said, geometry 
has a less significant impact on rigid structures.  
 All things considered, in no way should a slender structure be analyzed without geometrical non-
linearity. Member checks may be conservative enough, but the behavior of the structure cannot be 
represented accurately by MNIAnalysis. 
 Member checks indicate a collapse (presented by a star) which is far from the potentially plastic 
behavior of a structure. This even leads to 30% divergence in the resistance of the structure. 
   
(a) (b) (c) 
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The final outcome of the analyses is shown in Table 2-17. The most significant conclusions made by 
this table are described in the graphs later in this Chapter. 
Table 2-17: Multiplying factors λ of all analyses of all structures 
analysis\acr 5.96 6.56 7.182 8.57 10.5 13.52 17.07 18.70 21.44 
LIA (Sway) 0.81 0.80 0.79 0.775 0.75 0.73 0.715 0.705 0.70 
MNIA (Sway) 0.85 0.84 0.815 0.79 0.76 0.735 0.71 0.695 0.69 
GMNA 1.077 1.067 1.058 1.046 1.039 1.033 1.028 1.021 1.017 
GMNIA 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
GMNIA (Sway) 1.037 1.031 1.026 1.021 1.0181 1.0177 1.0162 1.010 1.007 
GMNIA (Sway, Bow) 1.017 1.012 1.0055 1.008 1.011 1.0142 1.0137 1.006 1.004 
Imperfection’s Impact 
At this point, it is considered crucial that a more elaborate presentation of imperfection’s impact be 
addressed. That scope is fulfilled by Figure 2-25. The following conclusions can be drawn: 
 Imperfections should unquestionably be taken into account on slender structures. According to the 
graph, GMNA and GMNIA converge as the structure becomes more rigid. This statement has its 
ground on the fact that the more rigid the structure is, the less the geometry affects the behavior of 
the structure. 
 There is not a regular pattern that relates GMNIA - where imperfection has the shape of the elastic 
critical buckling mode - and GMNIA where imperfections have the shape of global sway and local 
bow. Nevertheless, the former is more conservative. 
 The effect of bow local imperfections seem to be negligible on structures of acr=13 or more. 
 In the cases that acr>10 for elastic or acr>15 for plastic analysis, the difference in the resistance 
between GMNA and GMNIA is no more than 3% and 4% respectively. 
 The need for considering imperfections in the analysis diversifies exponentially as the structure 
become more slender. That said, the impact of imperfections is significant in strictures of low acr, 
while as acr increases (acr>15), the need for imperfections in the analysis is negligible.  
 
Figure 2-25: GMNA with all possible types of imperfections resistance results 
Finally the supposed realistic analysis GMNIA and the ones that are implemented by engineers when 
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 If linear analysis with sway imperfection is used in practice, then in the cases that the percentage 
difference between GMNIA and LIA (Sway) or MNIA (Sway) is negligible, in other words, for acr>13.5, 
LIA may be used as the results appear less than 10% divergent.  
 The results of linear analysis accurately occur more conservative as the structure is more rigid. This 
point has its ground on the fact that in linear analysis, the potential of the structure to carry load 
after the formation of the first plastic hinge is dismissed. As the structure is more rigid, these effects 
have more impact on the structure and, thus, the results appear more diverge. The same for MNIA 
(Sway). In the cases where buckling is the critical factor for the collapse of the structure, all types of 
analysis converge, as the same checks are applied.  
 The fact that geometry has negligible impact as the structure is more slender can additionally be 
proved by these diagrams. 
  
(a) (b) 
Figure 2-26: Resistance comparison for (a) GMNIA, LIA_Sway and MNIA_Sway, (b) LIA_Sway and MNIA_Sway 
2.7 COMPARISON BETWEEN Μ-θ CURVES AND ADINA’S SECTIONS 
As it is described in Chapter 2.5, Μ-θ curves are chosen for the analyses for the whole spectrum of axial 
forces that are applied in the model, instead of equally using materials and section provided by the 
software. It is crucial at this point that a comparison be conducted between these two methods to 
determine whether there is a significant reason for using those curves. 
Before presenting the results, some thoughts should be pointed out. As ADINA is flawed in the way that 
indicates the plastic resistance of an I-beam section, it is reasonable that the more the bending moments 
in a section, the more the inconsistency in the results that is predicted. In other words, the more slender 
the structure is, the less those curves are imperative as material has inconsequential effects on the 
structure. Indeed, if one considers a section that is only subjected to axial force, there is nothing wrong 
that should be calculated by the software. The problem in the software is in the way that σ-ε diagrams 
are changing while the structure is subject to plastic behaviour. Consequently, a convergence in the 
results of these two different analyses is expected as acr decreases.  
In order to proceed in this comparison, GMNIA are chosen as a representative analysis. The exactly 
same forces and imperfections are applied in both types of structure. The material is equivalently chosen 
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Figure 2-27: Μ-θ curves and ADINA’s sections resistance comparison 
The predictions are confirmed by this graph. Nevertheless, the differences indicated in the resistance of 
these two ways of modelling the structure are not significantly (less that 5%). In addition to this, the 
internal forces of each method are also following the same divergence as shown in the graph. Thus, the 
whole process of simulating the structure with M-θ curves might be pointless. 
It should be pointed out that the results of both curves “Sections” and “M-θ” in Figure 2-27 have been 
calculated by Collapse analysis in ADINA. The exactly same results can be concluded by statics second 
order analysis (large deformations) with Automatic Time Stepping (ATS). What is remarkably odd is the 
fact that without ATS the statics results were considerably differentiated from the accurate outcomes of 
collapse analyses. The curve of this flawed analysis is presented as “Statics” in the referring graph. 
2.8 SUMMARY AND CONCLUSIONS 
In the current Chapter, the suggestions and proposals about imperfections and second order analysis 
according to Eurocode 3 are examined. The debatable parts of Chapter 5.2. of Eurocode 3 concern the 
value of acr that is crucial to determine whether a structure should be examined with second order 
analysis. Additionally, it is also vital that the impact of all different kind of imperfections be analysed. 
According to Eurocode 3, a structure can be examined with either combining global sway and local bow 
effects or imperfection in the shape of the critical elastic mode. A method is proposed to apply the latter 
shape of imperfections.  
First, a spectrum of structures with varying slenderness is determined to examine the proposals of 
Eurocode 3 in all possible cases that a three storey metal structure may have. In order to achieve this 
goal, a structure with specific sections and measures is chosen. Consequently, the factor that alters the 
value of acr is chosen to be the external nodal forces. A total amount of nine structures that catches the 
whole possible spectrum of such a structure (only vertical loads applied in structure 1 and only horizontal 
loads applied in structure 9) is examined. That said, the values of acr vary from 5.96 to 21.44, an 
adequate enough spectrum. 
To satisfy the aforementioned demands, second order non-linear and first order geometrically linear 
analyses are examined in every structure with all possible imperfections. Unfortunately, there is not a 
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plastic analysis. Consequently, it is not easy to accurately judge this value. Nevertheless, two possible 
ways of determining that value are applied in the current thesis. Either by comparing the percentage 
difference of first order and second order analyses or by evaluating the final resistance. That being said, 
the latter method should be consider more valuable, as the internal forces are not an accurate indicator 
for the resistance of a structure as different kind of checks are applied according to each type of analysis. 
Indeed, geometrically and materially non-linear analysis with imperfections do not require any kind of 
checks in contrast to linear or materially non-linear analyses that require member checks. 
In each structure, it is wisely chosen that GMNIA is the representative type of analysis. Consequently, 
in geometrically and materially non-linear analysis with imperfections, external forces are applied so 
that the structure is brought in ultimate limit state (ULS). In other words, safety factor λ=1 in the 
supposedly realistic GMNIA, while the resistance of all other analyses is compared to this representative 
one. As the purpose of this thesis is to determine whether an engineer should examine a structure with 
first or second order analysis, linear and only materially non-linear analysis (geometrically first order 
analysis) are compared to GMNIA. Because of the need for member checks, only sway imperfections 
are applied in these analyses. Finally, geometrically and materially non-linear analyses with no 
imperfections, only sway and sway and local bow imperfections are all compared to each other to 
indicate the correlation and the impact that each one has on the structures. 
There is a surfeit of conclusions made by the aforementioned approach. First, in structures with critical 
buckling factor acr>14, the percentage difference of the internal forces in first order and second order 
analysis is less than 10%. That deviation is acceptable in practice. Structure that have higher acr are 
rigid enough and, thus, geometry is not a crucial factor. Consequently, imperfections do not have a 
significant impact on such structures. Nevertheless, linear first order analysis is more conservative in 
rigid enough structures. That said, instead of the painstaking approach of GMNIA, linear analysis with 
sway imperfections could be applied. As far as imperfections are concerned, a convergence in all possible 
analyses in rigid structures is observed. That said, the impact of imperfections is significant only in 
slender structures in which the percentage difference can be as much as 40%, a quite noticeable 
deviation. This difference is negligible in rigid enough structure with acr>14. 
In conclusion, the outcomes of the analyses are encouraging as Eurocode 3 appears more conservative 
than the reality in such frame structures. Nevertheless, an amendment should be proposed in the 
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3 FRAME ANALYSIS ACCORDING TO THE 
REVISED VERSION OF EUROCODE 3 
3.1 INTRODUCTION-LEGISLATION 
3.1.1 Effects of deformed geometry of the structure, stability effects 
This Chapter examines the revised version of Eurocode 3, according to Reference [16]. As it is shown 
in Chapter 2, it is vital that new proposals regarding the second order effects be implemented. In the 
current version of Eurocode 3, there is no reference to out-of-plane effects and how these effects affect 
the behaviour of the structure. Indeed, the criterion of Eq. (2-1) concerns in-plane effects and thus, the 
factor acr is calculated by the critical sway buckling mode. But what if the out-of-plane effects are 
consequential? It is obvious that this criterion should be revised in a way that all potential effects in the 
structure be taken into account.  
As stated in the revised version of Eurocode 3, first order analysis is adequate for the calculation of the 







  for elastic analysis (3-1) 
The recommended value of k is 25 as this is equivalent to λ̅=0.2 which is the non-dimensional 
slenderness that determines whether the structure suffers from second order effects. The addition of 
the revised version regards the value of Fcr,FB. In this version, the value of Fcr,FB is defined by the 
minimum elastic critical flexural buckling load for either in-plane or out-of-plane, global system or local 
members instability modes. Torsional effects are neglected. 
It is obvious that this version of Eurocode 3 takes into consideration every possible effect that a three 
dimensional structure may have. However, the value of k is conservative. Thus, an addition is proposed 







  for elastic analysis (3-2) 
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Eq. (3-2) is the same as in the current version of Eurocode 3 for elastic analysis. This conditions is 
determined by the demand that the increase of internal forces and bending moments due to sway 2nd 
order effects is less than 10% of the internal forces resulting from 1st order analysis. This is an 
assumption that should inevitably be examined.  
Finally, Eurocode 3 proposes a value for acr,sway as shown in Eq. (3-3). Thus, Linear buckling Analysis 
could not be applied in a structure, as all critical buckling factors can be calculated without the use of a 









is the lateral rigidity of the storey, or K=Hf/δf. Hf is a fictitious horizontal load 
applied at the top of the structure and δf is the resulting displacement of this load. 
h is the storey height 
VEd 
is the total design vertical load at the bottom of the storey. In 3-dimensional 
structures, all bottom columns should be taken into account. 
To illustrate the calculation of this value, an example in the structure examined in the current thesis is 
presented.  
The lateral rigidity K of the structure is independent of the external loading and can be calculated by 
geometrically and materially linear analysis. As shown in Figure 3-1, a fictitious horizontal load (let’s say 
Hf=1000kN) is applied on the top of the structure. The value of δf is determined by Linear Analysis. This 
value, for the respective loading, is equal to δf=0.378m. Consequently, K=2645.5kN/m, while h=11.0m 
  
(a) (b) 
Figure 3-1: Lateral rigidity K calculation (a) Hf and (b) δf 
Finally, for structure 1, as applied in Chapter 2, VEd=V1+V3=4600kN and thus, acr=6.33. This value in 
comparison to the realistic acr,ADINA=5.96, differs less than 7%, a deviation which is acceptable. The 
credibility of this proposal of Eurocode 3 is examined in the following Chapters. 
The revised version of Eurocode 3 is concerned with elastic analysis exclusively. Therefore, the analyses 
in this Chapter are materially linear. That said, this current Chapter 3 regards elastic analysis and 
Chapter 2 regards plastic analysis.  
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3.1.2 Methods of analysis for ultimate limit state design checks 
The revised version of Eurocode 3 proposes a flow-chart which leads to a proper method of analysis. 
These methods indicate precisely whether first or second order analysis should be conducted, the types 
of imperfections that should be applied and the types of checks in the structure. 
 
M0-Method 
In this case, critical buckling factor acr is such high that second order effects can be neglected. Indeed, 
section forces are sufficiently far from those which cause buckling in the structure and thus, second 
order effects are minor. Additionally, the sections are closed or generally do not suffer from lateral-
torsional buckling. Consequently, 1st order analysis is adequate enough, imperfections can be neglected 
and no member buckling verification is necessary. Cross section checks are sufficient. This method is 




As in M0-method, critical buckling factor acr is also high enough and thus, second order effects can be 
neglected. However, lateral-torsional buckling cannot be neglected, as the sections are not closed. 
Consequently, 1st order analysis is adequate enough and imperfections can be neglected, but the 
members should be checked for lateral-torsional buckling according to Eq. 6.62 of Eurocode 3. Further 
insights into these checks are presented in the following Chapters of this thesis. Cross section checks 
are sufficient. This method is applied on rigid enough structures with insignificant loading and sections 
that are vulnerable to lateral-torsional buckling, like IPE, HEA, HEM among others. 
 
M3-Method 
In this case, global second order effects are negligible, but local effects should not be dismissed. 
Equivalently, critical buckling factor acr,all of Eq. (3-1) is less than k, but acr,sway is more than 10 for elastic 
analysis. That said, the structure as a whole does not suffer from second order effects, but the members 
should be checked for buckling in both strong and weak axis by Eq. 6.61 and 6.62 of Eurocode 3. Global 
sway imperfections should also be considered in the analysis. Consequently, the analysis should be 
linear (for both material and geometry) with sway imperfections in the most unfavourable direction, LIA 
(sway-global imperfection). 
 
If acr,sway<10, then second order effects should not be dismissed. Internal forces are sufficiently close 
enough to those which cause buckling and consequently, second order analysis should be conducted. 
That said, M4, M5, M6-Methods take into account second order effects and global sway imperfections. 
Consequently, the analyses in all these cases should be geometrically non-linear, or equivalently GNIA. 




If local member effects are not consequential, or equivalently Ncr/NEd>4, then local member 
imperfections should not be considered in the analysis. However, member checks for buckling by both 
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Eq. 6.61 and 6.62 of Eurocode 3 should be conducted, as in M3-Method. It is obvious that M3 and M4-




If local-member effects are significant, then, aside from sway imperfections, local effects and 
imperfections should be taken into account. Consequently, member checks in the strong axis could be 
dismissed, as the software can determine whether the structure buckles. In this case, out-of-plane 
effects and imperfections are not covered by analysis and consequently. Consequently, member checks 
should be conducted in the weak axis. That said, the analysis should be GNIA (sway-global and in-plane 
local imperfections) and the member buckling verification is applied by Eq. 6.62 of Eurocode 3. 
Furthermore, even in this case, members should be checked for lateral-torsional buckling by Eq. 6.61, 
as the software cannot determine lateral-torsional effects in beam elements. If shell elements are used 
in the analysis, there is no need in this verification. The types of checks are presented in Chapter 3.4. 
 
M6-Method 
This is the method which takes into account any possible effect in the structure and thus, it is considered 
the most realistic analysis. The analysis is GNIA (sway-global and in-plane and out-of-plane local 
imperfections). Consequently, there is no need for member checks, except for the case where the 
software cannot determine lateral-torsional effects. 
 
M2-Method 
In the case that lateral-torsional buckling can be neglected because of using closed sections in the 
structure and additionally 2nd order effects should be taken into account in the analysis, M2-Method 
could be used instead of M4, M5 and M6. This method is 1st order analysis with no imperfections. These 
effects are taken into account through the equivalent member method proposed by other Chapters of 
Eurocode 3. Consequently, member buckling verification is necessary. 
 
The revised version of Eurocode 3 proposes a flow-chart which indicates the method that should be 
applied in each structure. For instance, if the suggested method is M3, this means that the deviation 
from M6 method - which is the most accurate method of analysing the structure - is negligible and thus 
M3 method is sufficient. Additionally, M1 method should not be applied in this case, as the deviation 
from M6 method would be consequential. It is obvious that the terms “consequential” and “significant” 
are not objective. Therefore, an assumption should be made so that a criterion be formed. This criterion 
is not referred in either the current or the revised version of Eurocode 3. However, it can be inferred 
that the condition that determines which method should be applied in every structure is an allowance 
for maximum 10% deviation from the theoretically realistic M6-method. This condition is checked in the 
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Figure 3-2: Flow-chart of methods of analysis for structures, according to the revised version of Eurocode 3 
3.2 OBJECTIVE AND SCOPE 
The scope of this Chapter is the evaluation of the suggestions-alterations made in the revised version 
of Eurocode 3. Particularly, the questions that arise from the revised version of Eurocode 3 are the 
following: 
 Are both software and Eurocode 3 mutually equal in examining the structure? Can Eurocode 3 
sufficiently replace linear buckling analysis (LBA) for determining buckling factors acr? 
 Is factor acr,sway proposed by Eurocode 3 accurate? 
 Are the suggested methods Mi presented in Figure 3-2 accurate for every case? Are these methods 
conservative or even worse against structure’s safety? 
 Which are the resistance differences between plastic and elastic analysis in frame structures?   
In order to respond to these questions, it is vital that - as in Chapter 2 – structures of diverse slenderness 
be examined. Therefore, the structures examined with plastic analysis could be additionally analysed 
with elastic analysis in the present Chapter so that differences among these types of analysis be 
indicated. Consequently, as mentioned in Chapter 2, nine structures of varying acr and of the exactly 
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same loading are examined. The exclusive difference among the two types of analysis (plastic and 
elastic) is that in the latter, all degrees of freedom are active. Indeed, this need arises from the fact 
that the revised version of Eurocode 3 takes into account out-of-plane effects and out-of-plane buckling 
in the methods proposed. Thus, all degrees of freedom should be active. A realistic three-dimensional 
structure would be the one with restricted out-of-plane displacements. This demand could be met by 
inhibiting the displacements of the beams in every storey - a quite realistic modelling as in reality the 
beams are restricted by slabs which additionally are restricted by cross bracings. This is illustrated by 
Figure 3-3. 
 
Figure 3-3: Equivalent two dimensional model of three dimensional degrees of freedom 
Furthermore, in order to determine the credibility of Eq. (3-3), for every structure, the critical sway 
buckling factor acr calculated by ADINA is compared to the one proposed by Eurocode 3. Additionally, a 
comparison between ADINA and Eurocode 3 is also made in the methods where Ncr should be calculated. 
More insights into this are given in the following Chapters.  
   
(a) (b) (c) 
Figure 3-4: Structures analyzed in terms of external loading according to the revised version of Eurocode 3 
Finally, in order to examine the credibility of the methods proposed in the revised version of Eurocode 
3, all nine structures of varying slenderness are analysed with all possible methods M1, M3, M4, M5, M6 
of the proposals. The proposed method in each case is compared to the realistic M6-method. If the 
suggested method Mi differs less than 10% from M6-method, then Mi-1 is also compared with M6-
method. If Mi-1 differs less than 10%, then the proposed one is conservative and thus, Mi-1 could replace 
Mi. On the other hand, if the proposed method deviates more than 10% from the realistic M6-method, 
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then the analysis is against the safety of the structure and consequently Mi+1 should replace the 
suggested one. As shown in Figure 3-4, only three representative structures are chosen to be presented. 
3.3 TYPES OF ANALYSIS 
The structure is examined with all possible analyses proposed in all methods of the revised version of 
Eurocode 3. Additionally, lineal buckling analysis (LBA) is also necessary in determining the method with 
which every structure should be analysed. Table 3-1 shows the types of analysis used in this Chapter. 
Table 3-1: Types of analysis examined to evaluate the revised version of Eurocode 3 
Type of Analysis Analysis Details 
Linear Analysis 
LA No imperfection 
LIA (Sway) Only sway imperfection 
LBA Buckling analysis 
Geometrically Non 
Linear Analysis 
GNA No imperfection 
GNIA (Sway) Only sway imperfection 
GNIA (Sway & Bow) Sway & Bow imperfection 
GNIA 
Imperfection in the shape 
of the critical elastic mode 
To scrutinize Table 3-1 and the steps followed to conduct each analysis: 
LA 
This is the basis of all other analyses. Second order effects in both local members and the whole 
structure (global) are negligible. Linear analysis without any imperfection is considered sufficient in the 
case that the structure is rigid enough and the external loading is far from the loads that cause buckling 
- or equivalently significant second order displacements - to the structure. According to flow-chart of  
Figure 3-2, M0-M1-M2-methods entail this type of analysis. 
LIA_Sway 
This type of analysis is materially and geometrically linear with global imperfection. The results from 
this analysis are expected to be less conservative - the more slender the structure is, the more these 
two methods differ - than linear analysis without imperfection. What should also concern engineers is 
the direction of global imperfection. In the case that this direction is not obvious, all possible directions 
should be examined and finally the most unfavourable should be chosen.  
 
Figure 3-5: Most unfavorable direction of sway imperfection for the structure of this thesis 
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For the structure of this thesis, global sway imperfection’s direction is obvious, because all horizontal 
forces have the same direction. This is illustrated by Figure 3-5. This type of analysis is the one that M3 
method entails. 
LBA 
Linear buckling analysis is necessary in determining whether the analysis should take into account 
second order effects or not. Instead of calculating acr,sway and acr,all of the flow-chart using the respective 
simplified equations of Eurocode 3, these factors  could be also calculated by LBA. Additionally, LBA is 
necessary in determining the shape of the critical elastic mode used in GNIA. 
GNA 
Even if there is no reason using this analysis without any imperfection, it is examined in the current 
thesis to compare the impact of geometry in structures of varying slenderness. Indeed, by comparing 
the results of LA, GNA, MNA analyses, the impact of geometry and material on the structure can be 
determined. 
GNIA (Sway) 
The exclusive difference between this analysis and LIA (Sway) is that the former takes into account 
second order global effects in the structure. In structures that are rigid enough and the geometrical 
non-linearity has negligible impact on the structure, these analyses converge. This type of analysis is 
used when global effects are consequential (acr,sway<10) but local effects are insignificant (Ncr/NEd>4). 
As mentioned in Chapter 2.1.2, sway imperfections can be applied either geometrically or by equivalent 
forces. In the present Chapter, imperfections are applied geometrically, as it is more accurate than the 
equivalent forces. Finally, GNIA (Sway) is used in M4-method. 
GNIA (Sway & Bow) 
According to M5-method, local-bow imperfections should be taken into account. That said, both analysis 
and structure are exactly the same as in GNIA (Sway) with the only difference that local member effects 
are added in the structure. The most unfavourable direction of these local imperfections should be of 
concern to engineers. Unfortunately, the direction of bow imperfections is not obvious in this case. 
However, as mentioned in Chapter 2.3, the most unfavourable direction has been proved to be the one 
presented in Figure 2-10. The comparison among geometrically applied imperfections and their 
equivalent forces has been achieved in Chapter 2 and thus, in this Chapter, imperfections are chosen 
to be applied in the geometry of the structure. Finally, bow imperfections are applied only in the direction 
of the forces and not out-of-structure’s-plane. Indeed, there is no distributed loading in the direction of 
the weak axis of the columns and thus, Mz=0. Consequently, there is no reason in examining M6-
method. 
GNIA 
Instead of applying global and local imperfections independently, imperfections in the shape of the 
critical elastic mode could be used in the analysis alternatively. These two theoretically equivalent M5 
methods are compared in the current Chapter 3, as in Chapter 2. 
All things considered, it is expected that the resistance of the analyses of the current Chapter is much 
lower than in Chapter 2 in which the analysis is plastic. Indeed, elastic analysis does not allow for post-
yielding resistance in contrast to plastic analysis which is actually a push-over analysis. That said, all λ 
values of the current Chapter are expected lower than their respective λ values of Chapter 2. 
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3.4 TYPES OF CHECKS 
3.4.1 Cross-sectional verification 
In contrast to Chapter 2 in which the analysis is plastic and the material bi-linear as shown in Figure 3-7, 
analyses in this Chapter are materially elastic. That said, the material is linear-elastic with Young’s 
modulus E=210GPa and Poisson’s ratio ν=0.3, as depicted in Figure 3-6. 
 
Figure 3-6: Graph of material for elastic analysis 
 
Figure 3-7: Graph of material for plastic analysis 
Consequently, the software cannot indicate the yielding of a cross-section. Therefore, this verification 
should be examined with the appropriate checks. Cross-sectional verification is necessary for every type 
and method of analysis. For both beams and columns that are susceptible to axial forces NEd, bending 
moments in the strong axis My,Ed and shear forces Vz,Ed, the checks should be the following: 
Shear forces’ impact 
Ed pl,Rd














M =ρ Μ  
In the case that Condition (3-4) is met, then Eq. (3-5) should be applied. Otherwise, there is no reduction 
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Axial force’s and Bending moment’s interaction 
Ed pl,Rd

































In the case that at least one of the two Conditions (3-6) is not met, bending moment’s resistance should 
be reduced according to Eq. (3-7). 
Because of both structure’s geometry and the loading, the structure does not suffer from torsional 
moments and bending moments in the weak axis. As far as the beams are concerned, axial forces are 
much less than the resistance of the section and thus, the interaction of shear forces and bending 
moments should be examined exclusively. On the other hand, the columns do not suffer from shear 
forces. However, axial forces are significant especially in the base columns and consequently, Eq. (3-7) 
is applied in this case. 
3.4.2 Member buckling verification 
As already mentioned, in the current Chapter, all possible degrees of freedom are activated in the 
analysis. Consequently, aside from Eq. (2-13) which is actually equivalent to Eq. (6.61) proposed by the 
revised version of Eurocode 3, member checks should also be applied by Eq. (3-8) (Eq. (6.62) of 
Eurocode 3). The process of calculating all factors of these equations is described in Chapter 2.4.1.  
y,EdEd
zy









k 0.6 k   
Factor xz can be determined by either using LBA in a software by Eq. (2-14), or using Eurocode 3 by 
Eq. (2-15). In the former, acr is the buckling mode of each columns, while in the latter, Iy should be 
replaced by Iz. Additionally, Lcr,z is the critical length of the column in the weak axis. A comparison 
between those two methods would be also interesting. 
Using Eurocode 3 
As shown in Figure 3-3, the base critical column is fixed in the foundation and simply supported in the 
weak axis at the top of the columns, as presented in Figure 3-8. Consequently, βz=0.70 and Lcr,z=3.50m, 
while Iz=6985cm4. Therefore, Ncr,z=11818.1kN and by Eq. (2-15), λz=0.611. Finally, xz=0.78 as 
calculated by (2-17). 
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Figure 3-8: Side view of the structure – boundary conditions in the weak axis 
Using software ADINA 
As shown in Eq. (2-14), factor λ̅mz is dependent upon acr and NEd. Theoretically, the product of these 
two factors should be the same for every structure, as Eurocode 3 assumes that buckling in columns 
depends exclusively on its geometrical characteristics. However, in practice, buckling factor x and 
slenderness λ depend on the axial forces. Figure 3-9 shows the critical buckling factors of critical column 
No. 3 for every distinctive case presented in this thesis. It is obvious that, like in Chapter 2.4.1, Eurocode 
3 and software do not result in the same factors and consequently, it is suggested that software is used 
to determine buckling resistance in a structure. 
Load 1:  acr=6.51, NEd,LA=2358.03kN, NRk=4415.057kN → λ̅m=0.73 and χz=0.82 
Load 6:  acr=8.75, NEd,LA=1175.79kN, NRk=4415.057kN → λ̅m=0.66 and χz=0.75 
Load 9:  acr=8.80, NEd,LA=833.94kN, NRk=4415.057kN → λ̅m=0.78 and χz=0.68 
 
   
(a) (b) (c) 
Figure 3-9: Critical buckling modes of critical column No. 3, (a) Load 1, (b) Load 6, (c) Load 9 
Member buckling verification according to Eq. (3-8), is necessary for methods that do not take into 
account out-of-plane effects and imperfections. That said, it should be used in M1, M2, M3,M4, M5 
methods (M0 method does not require member checks, as structures that should be analysed by M0-
method do not suffer from second order phenomena). In M6-method, out-of-plane sway and non-sway 
effects are taken into account in geometrically non-linear analysis and thus, member checks are not 
necessary as the software can indicate such phenomena. Additionally, M2, M3, M4 methods that do not 
include in-plane local imperfections should be verified by Eq. (2-13). 
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Lateral-torsional buckling verification 
Most of the analysis softwares can indicate lateral buckling and the interaction of all forces in beams 
and columns which appears in factors kyy, kyz, kzy, kzz. However, modern softwares cannot indicate 
lateral-torsional buckling effects. Consequently, this should be checked individually. As mentioned, 
lateral buckling and interaction among bending and axial forces is calculated by software and, thus, only 










This equation should be checked in the cases where both Eq. (2-13) and (3-8) are not necessary for 
the analysis or, in other words, in M6-method. 
3.5 MODELLING OF THE STRUCTURE 
As already mentioned, all nine structures that are examined in the current Chapter are the same as 
these analysed in Chapter 2. The need for structures of varying slenderness, leads to a parametric 
analysis which could be the same as in the previous Chapter. This way, it is feasible to establish a 
comparison among plastic and elastic analysis. That said, the only difference between the modelling of 
the structures analysed in these two Chapters is the material. In the former case, the material is 
presented in Figure 3-7, while in the latter case, the material is presented in Figure 3-6. 
Analyses in the current Chapter are distinctive, as there is a need for taking into consideration out-of-
plane effects and imperfections. Consequently, a 2D model with 3-dimensional degrees of freedom is 
necessary for the analyses. Therefore, an equivalent way of modelling the 3D model should be created. 
Figure 3-3 represents this model. In the conceived model, beams are not allowed to be displaced out-
of-plane - an assumption which is close to reality - as beams are restricted by cross-bracings. 
Furthermore, columns should be free to be displaced out-of-plane and consequently, they are not 
restricted. The exclusive restriction that is put in the columns is the out-of-plane displacement in the 
points that columns and beams are intersected. All these aspects are represented in Figure 3-10. 
Boundary conditions and the direction of cross sections are both illustrated in this figure. 
 
Figure 3-10: Three-dimensional model for elastic analyses 
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3.6 RESULTS OF ANALYSES 
3.6.1 Slender Structure (acr=5.96) 
 
  
(a) (b) (c) 
Figure 3-11: Buckling modes of slender structure (a) sway, out-of-plane of (b) column 3 and (c) column 1 
The external loading is presented in Table 2-4. Furthermore, Figure 3-11 represents the buckling modes 
and factors which are necessary for determining the reducing resistance factors χz and χy as shown in 
Eq. (2-14) and (2-17). These reducing factors are additionally necessary for calculating χLT and 
consequently the lateral-torsional resistance of the structure according to Eq. (2-13) and (3-8). 
Eurocode 3 and Software sway buckling factor comparison 
Eurocode 3 suggests that acr,sway is calculated by Eq. (3-3). According to Chapter 3.1.1, the lateral rigitidy 
of all nine structures is K=2645.5kN/m. Consequently, for h=11.0m and total vertical load 
VEd=∑ VEd=(V1+V2+V3)∙2+(q1+q2+q3)∙l= (500+550+600)∙2+(30+2∙50) ∙10=4600kN, 
cr,sway
11
a = 2645.5 = 6.32 5.95
4600
  
It is clear that acr,sway proposed by Eurocode 3 differs approximately 5% from the realistic factor 
calculated by ADINA. This deviation is satisfactory for engineering. However, the realistic buckling factor 
acr,sway=5.95 calculated by ADINA is used in the equations. 
According to the flow-chart of Figure 3-2, acr,all=min(acr)=5.95<k, where k=25. Additionally, acr,sway<10 
and consequently, the structure should be analysed by one of the M4, M5, M6-method. In order to 
determine which one of these methods should be applied in the analysis, it is necessary that Ncr/NEd be 
calculated for the critical column. If Ncr/NEd<4, then local in-plane effects are significant and thus, local 
effects and imperfections should be considered in the analysis. Otherwise, sway effects and 
imperfections re adequate for the second order analysis, but member buckling verifications should be 
made. That said, the critical axial force for in-plane buckling Ncr and inner axial forces NEd should be 
calculated for each column. The former factor may be determined by either Eurocode 3 or a software 
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cr,m,ADINA cr Ed=N a N  (3-11) 
For both columns 1 and 3, considering in-plane buckling: 
Iy,col,1=22930cm4, Iy,beam,2=48200cm4, Lcol,4=500cm, Lcol,4=300cm, Lbeam,2=1000cm and thus, 
by Eq. (2-16), η1=0.63, η2=0 (fixed). Consequently, by Figure 2-11, βy=1.33 and Ly= βy∙ Lcol,c= 6.65m 
Finally, substituting in Eq. (3-10), Ncr,1,3=10746.8kN. To depict those calculations, Figure 3-12 is 
presented. 
 
Figure 3-12: Adjacent beams and columns for calculating factors η1 and η2 
The methodology is exactly the same for the other two pairs of columns. That said, Ncr,4,8=16118.5kN 
and Ncr,5,7=18271.9kN. 
Using software ADINA, acr,inner=acr,sway=5.96 which is the critical buckling factor for columns 1 and 3. 
There is no need calculating the buckling factors for the rest columns, as the critical ones are 1 and 3. 
Factors Ncr/NEd for all columns of the structure calculated by both Eurocode 3 and ADINA and shown in 
Table 3-2. 
Table 3-2: Νcr/N factors for all columns, by both EC3 and software ADINA of slender structure 
LA 1 3 4 5 7 8 
Axial Force (kN) -2241.97 -2358.03 -1425.18 -642.59 -657.42 -1474.82 
Νcr/N (ADINA) 5.96 5.96 5.96 5.96 5.96 5.96 
Νcr/N (EC3) 4.8 4.6 11.3 28.4 27.8 10.9 
It is clear that in all columns and by both methods, Ncr/NEd>4 and consequently, M4-method is adequate 
for analysing the structure. The credibility of this proposal is examined in this Chapter. 
As already stated, the methodology of checking the proposals of Eurocode 3 is to determine the internal 
axial forces and bending moments of the structure and indicating which method deviates less than 10% 
from the realistic M5-method. If the proposed method is not the one indicated by the analysis, then the 
suggestion is either conservative or against the safety of the structure. Therefore, a revision should be 
suggested. The internal forces of all methods are presented in Table 3-3, Table 3-4, Table 3-5, Table 3-6 
. Additionally, the percentage difference among successive methods is also presented. 
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Table 3-3: Internal forces of columns under LA or, equally, M1-method of Eurocode 3 of slender structure 
LA - M1  1 3 4 5 7 8 
Axial Forces (kN) -2241.97 -2358.03 -1425.18 -642.59 -657.42 -1474.82 
Bend. Moments (kNm) 
-123.95 -243.73 203.91 163.87 -192.42 -273.66 
13.97 248.35 -123.34 -164.47 238.63 275.59 
Shear Forces (kNm) 
-27.58 -98.42 109.08 111.68 -143.68 -183.08 
-27.58 -98.42 109.08 111.68 -143.68 -183.08 
            7.40% 
Table 3-4: Internal forces of columns under LIA (Sway) or, equally, M3-method of slender structure 
LIA (Sway) - M3  1 3 4 5 7 8 
Axial Forces (kN) -2235.49 -2364.13 -1422.68 -642.05 -657.85 -1477.10 
Bend. Moments (kNm) 
-143.38 -263.18 199.75 162.61 -193.79 -277.81 
27.72 262.11 -114.94 -160.21 242.89 284.00 
Shear Forces (kNm) 
-34.22 -105.06 104.90 109.80 -145.56 -187.27 
-34.22 -105.06 104.90 109.80 -145.56 -187.27 
                  11.95%  
Table 3-5: Internal forces of columns under GNIA (Sway), or M4-method of slender structure 
GNIA (Sway) - M4  1 3 4 5 7 8 
Axial Forces (kN) -2225.49 -2373.74 -1419.82 -641.45 -658.37 -1479.32 
Bend. Moments (kNm) 
-176.50 -298.85 198.35 163.08 -193.27 -282.17 
62.47 289.27 -102.83 -157.24 247.23 297.17 
Shear Forces (kNm) 
-35.39 -104.44 96.02 107.75 -145.95 -189.17 
-50.70 -105.82 100.47 108.00 -144.80 -188.44 
      8.90% 
Table 3-6: Internal forces of columns under GNIA (Sway & Bow), or M5-method of slender structure 
GNIA (Sway&Bow) - M5  1 3 4 5 7 8 
Axial Forces (kN) -2230.97 -2368.83 -1422.97 -643.29 -658.34 -1477.04 
Bend. Moments (kNm) 
-203.48 -328.05 185.69 158.01 -199.07 -295.98 
33.28 258.66 -116.94 -163.20 241.23 282.93 
Shear Forces (kNm) 
-70.63 -142.09 74.06 97.68 -156.25 -212.26 
-14.62 -67.71 123.16 118.15 -134.42 -165.21 
 
The percentage differences among the successive proposed methods are calculated for the highest 
value of bending moment, as axial forces do not differ more than 2%. Additionally, the highest value of 
moments in column 3 is chosen to be compared, as this is the value that is used to indicate the 
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Taking into consideration these differences, it is concluded that M3-method would not be acceptable, 
as it differs more than 10% from the realistic one. Additionally, M4-method is marginally acceptable, as 
it differs slightly less than 10% from M5-method. Consequently, the proposed method is correct. 
Finally, as in Chapter 2, it is important to indicate the difference between imperfection in the shape of 
the critical buckling mode and, equivalently, imperfections that are applied as global sway and local 
bow. The results are presented in Table 3-7. 
Table 3-7: GNIA (Sway & Bow) and GNIA of slender structure comparison 
GNIA(Sway&Bow) - M5  1 3 4 5 7 8 
Axial Forces (kN) -2230.97 -2368.83 -1422.97 -643.29 -658.34 -1477.04 
Bend. Moments (kNm) 
-203.48 -328.05 185.69 158.01 -199.07 -295.98 
33.28 258.66 -116.94 -163.20 241.23 282.93 
Shear Forces (kNm) 
-70.63 -142.09 74.06 97.68 -156.25 -212.26 
-14.62 -67.71 123.16 118.15 -134.42 -165.21 
GNIA - M5  1 3 4 5 7 8 
Axial Forces (kN) -2221.74 -2377.20 -1420.00 -641.55 -658.39 -1479.21 
Bend. Moments (kNm) 
-198.27 -319.54 202.54 165.60 -190.49 -278.45 
86.29 312.65 -99.38 -158.86 245.59 300.90 
Shear Forces (kNm) 
-29.72 -97.40 94.86 108.92 -144.73 -190.62 
-53.41 -107.79 103.14 109.67 -143.06 -185.91 
According to Table 3-7, critical values do not differ more than 4%. However, some values of minor 
importance in the verification of the structure, deviate more than 150%. In the analyses of the current 
Chapter, the representative M5-method is the former, according to which imperfections are applied 
geometrically as global sway and local bow. 
Equilibrium paths & resistance results 
Finally, it is vital that a comparison between plastic and elastic analysis be established. This is achieved 
by indicating the resistance of the structure and the equilibrium paths of each method. The critical check 
of all methods applied in this slender structure is the member buckling verification according to Eq. 
(2-13) and (3-8). There is no need for presenting all these checks. However, the most critical M5-
method is presented for column 3: 
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Consequently, the structure collapses under GNIA (Sway & Bow) under the loads that are applied. That 
said, the actual resistance is indicated after an iterative process. Like in Chapter 2, a multiplying factor 
λ is applied in external nodal forces till both Conditions (2-13) and (3-8) are met. For λ=0.735, 
y,EdEd
yy
y Rk LT y,Rk
M1 M1
MN 1912.03 255.25
+k = +1.06 =0.504+0.493=0.997<1




All other checks referred are met and consequently, λ=0.735 the multiplying factor by which the 
structure collapses. 
 
Figure 3-13: Equilibrium paths of all proposed methods for slender structure 
The conclusions from analyses in slender structure can be determined by both Figure 3-13 and 
Table 3-8: 
 The realistic plastic behavior of the structure cannot be adequately represented by elastic analysis. 
Resistance results can be even 25% more conservative in elastic analysis. This has its ground on the 
fact that in elastic analysis the structure is considered to be collapsed at the time when a plastic hinge 
(yielding) is formed. Post yielding behavior and resistance of cross sections and generally the 
structure is neglected in elastic analysis. 
 The deviation in geometrically non-linear analysis is also considerable as the deformed geometry in 
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 Linear analysis appears significantly less conservative than the others because it is suggested that 
member checks be only in the weak axis according to Eq. (3-8). (M1-method). 
 Imperfections added as global sway and local bow geometry appear to lead to close results to those 
of imperfections in the shape of critical elastic buckling mode. 
Table 3-8: Resistance results of slender structure 
Αnalysis λ 
LA 0.935 
LIA (Sway) 0.81 
GNA 0.79 
GNIA (Sway) 0.77 
GNIA (Sway, Bow) 0.735 
GNIA 0.74 
3.6.2 Structure of medium slenderness (acr=13.52) 
   
(a) (b) (c) 
Figure 3-14: Buckling modes of structure of medium slenderness (a) sway, out-of-plane of (b) col.3 and (c) col.1 
The external loading is presented in Table 2-8. Furthermore, Figure 3-14 represents the buckling modes 
and factors which are necessary for determining the reducing resistance factors χz and χy as shown in 
Eq. (2-14) and (2-17).  
Eurocode 3 and Software sway buckling factor comparison 
Eurocode 3 suggests that acr,sway is calculated by Eq. (3-3). According to Chapter 3.1.1, the lateral rigidity 
of all nine structures is K=2645.5kN/m. Consequently, for h=11.0m and total vertical load 
VEd=∑ VEd=(V1+V2+V3)∙2+(q1+q2+q3)∙l= (100+120+150)∙2+(30+2∙50) ∙10=2040kN, 
cr,sway
11
a = 2645.5 =14.26 13.49
2040
  
It is clear that acr,sway proposed by Eurocode 3 differs approximately 5% from the realistic factor 
calculated by ADINA, a deviation which is satisfactory for engineering. However, the realistic buckling 
factor acr,sway=13.49 calculated by ADINA is used in the equations. 
According to the flow-chart of Figure 3-2, acr,all=min(acr)=8.75<k, where k=25. Additionally, acr,sway>10 
and consequently, the structure should be analysed by Μ3-method. Calculation of factor Ncr/NEd might 
not be necessary for the analysis, but it would be interesting to compare the results of both software 
and Eurocode 3. 
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For both columns 1 and 3, considering in-plane buckling: 
Calculations in Chapter 3.6.1 indicated that Ncr,1,3=10746.8kN, Ncr,4,8=16118.5kN and Ncr,5,7=18271.9kN. 
Using software ADINA, acr,inner=acr,sway=13.52 which is the critical buckling factor for columns 1 and 3. 
There is no need calculating the buckling factors for the rest columns, as the critical ones are 1 and 3. 
Factors Ncr/NEd for columns of the structure calculated by both EC3 and ADINA are shown in Table 3-9. 
Table 3-9: Νcr/N factors for all columns, by both EC3 and software ADINA of structure of medium slenderness 
LA 1 3 4 5 7 8 
Axial Forces (kN) -864.21 -1175.79 -550.59 -228.63 -271.38 -689.41 
Νcr/N (ADINA) 13.49 13.49 13.49 13.49 13.49 13.49 
Νcr/N (EC3) 12.4 9.1 29.3 79.9 67.3 23.4 
It is clear that in all columns and by both methods, Ncr/NEd>4 and consequently, M3-method is adequate 
for analysing the structure. The credibility of this proposal is examined in this Chapter.  
Table 3-10: Internal forces of columns under LA or, equally M1-method of structure of medium slenderness 
LA - M1  1 3 4 5 7 8 
Axial Forces (kN) -864.21 -1175.79 -550.59 -228.63 -271.38 -689.41 
Bend. Moments (kNm) 
-406.15 -525.93 135.82 139.59 -218.62 -341.75 
211.77 446.15 3.57 -94.67 308.42 402.50 
Shear Forces (kNm) 
-123.58 -194.42 44.08 79.68 -175.68 -248.08 
-123.58 -194.42 44.08 79.68 -175.68 -248.08 
            2.00% 
Table 3-11: Internal forces of columns under LIA(Sway), equally M3-method, of structure of medium slenderness 
LIA (Sway) - M3  1 3 4 5 7 8 
Axial Forces (kN) -861.12 -1177.96 -549.55 -228.51 -271.21 -689.85 
Bend. Moments (kNm) 
-414.74 -534.55 134.10 139.18 -219.07 -343.45 
217.88 452.28 7.23 -92.96 310.14 406.16 
Shear Forces (kNm) 
-126.52 -197.37 42.29 78.96 -176.40 -249.87 
-126.52 -197.37 42.29 78.96 -176.40 -249.87 
                  5.45%  
Table 3-12: Internal forces of columns under GNIA (Sway), or M4-method of structure of medium slenderness 
GNIA (Sway) - M4  1 3 4 5 7 8 
Axial Forces (kN) -851.32 -1185.48 -546.88 -228.13 -271.26 -690.38 
Bend. Moments (kNm) 
-448.05 -565.35 132.05 139.78 -218.75 -347.24 
249.22 478.57 18.83 -90.35 314.34 418.38 
Shear Forces (kNm) 
-129.47 -194.89 36.09 77.80 -177.39 -253.35 
-138.98 -200.78 38.76 78.20 -176.55 -251.75 
      2.60% 
Table 3-13: Internal forces of columns under GNIA(Sway,Bow),or M5-method of structure of medium slenderness 
GNIA (Sway&Bow) - M5  1 3 4 5 7 8 
Axial Forces (kN) -852.05 -1185.53 -548.18 -229.07 -272.21 -689.95 
Bend. Moments (kNm) 
-458.04 -580.45 127.69 137.89 -221.29 -354.38 
238.06 464.03 13.12 -92.66 311.94 412.26 
Shear Forces (kNm) 
-142.77 -213.85 27.88 74.25 -181.69 -264.55 
-125.18 -182.04 47.79 81.84 -172.33 -241.26 
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Internal forces of all methods are presented in Table 3-10, Table 3-11, Table 3-12, Table 3-13. 
Additionally, the percentage differences for the highest values of bending moments among successive 
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, slightly acceptable 
Taking into consideration these differences, it is concluded that M3-method is acceptable, as it differs 
less than 10% from the realistic one. Additionally, M1-method is marginally acceptable, as it differs 
slightly less than 10% from M5-method. Consequently, the proposed method is slightly correct. 
Finally, the difference between imperfection in the shape of the critical buckling mode and, equivalently, 
imperfections that are applied as global sway and local bow are shown in Table 3-14. 
Table 3-14: GNIA (Sway & Bow) and GNIA of structure of medium slenderness comparison 
GNIA(Sway&Bow) - M5  1 3 4 5 7 8 
Axial Forces (kN) -852.05 -1185.53 -548.18 -229.07 -272.21 -689.95 
Bend. Moments (kNm) 
-458.04 -580.45 127.69 137.89 -221.29 -354.38 
238.06 464.03 13.12 -92.66 311.94 412.26 
Shear Forces (kNm) 
-142.77 -213.85 27.88 74.25 -181.69 -264.55 
-125.18 -182.04 47.79 81.84 -172.33 -241.26 
GNIA - M5  1 3 4 5 7 8 
Axial Forces (kN) -850.09 -1186.36 -547.00 -228.10 -271.56 -690.36 
Bend. Moments (kNm) 
-457.00 -572.22 134.19 140.61 -217.61 -345.95 
258.73 487.26 19.69 -91.04 313.64 419.72 
Shear Forces (kNm) 
-127.97 -190.71 36.03 78.24 -176.87 -253.98 
-140.41 -200.71 40.04 78.80 -175.84 -250.70 
According to Table 3-14, critical values do not differ more than 2%. However, some values of minor 
importance in the verification of the structure, deviate more than 30%. GMNIA where imperfections are 
applied geometrically as global sway and local bow is the representative method in the current Chapter. 
 
Equilibrium paths & resistance results 
As the slenderness of the structure decreases, or equally as acr increases, the structure suffers less from 
member instability and more from cross section’s yielding. In addition to this, beams are also closer to 
yielding. However, the critical verification is - like in the slender structure of the previous Chapter -
member buckling verification according to Eq. (2-13). These facts are presented in the following 
equations: 
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Consequently, the structure collapses under GNIA (Sway & Bow). Like in Chapter 2, a multiplying factor 
λ is applied in external nodal forces till both Conditions (2-13) and (3-8) are met. For λ=0.67, 
y,EdEd
yy
y Rk LT y,Rk
M1 M1
MN 1008.59 410.79
+k = +0.98 =0.263+0.733=0.996<1




All other checks referred are met when the multiplying factor λ=0.67. For example, cross section 
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 Consequently, λ=0.67 the multiplying factor by which the structure collapses. 
 
Figure 3-15: Equilibrium paths of all proposed methods for structure of medium slenderness 
The conclusions from analyses in the structure of medium slenderness can be determined by both 
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 The realistic plastic behavior of the structure cannot be adequately represented by elastic analysis. 
Resistance results can be even 33% more conservative in elastic analysis. 
 The more rigid the structure is, the more its elastic resistance deviates from plastic. This has its 
ground on the fact that the rigid structure has much more plastic capacity as the external forces are 
mainly horizontal. That said, the deformations of the rigid structure are much more than of the slender 
(Figure 2-23), a fact that entails different estimation - during elastic analysis - of the structure’s plastic 
behavior. 
 The deviation in geometrically non-linear analysis is not as considerable as in slender structure. 
Indeed, as the rigidity of the structure increases, the results of all methods and analyses tend to 
converge. 
 Linear analysis appears significantly less conservative than the others because it is suggested that 
member checks be only in the weak axis according to Eq. (3-8). (M1-method). 
 Imperfections added as global sway and local bow geometry appear to lead to close results to those 
of imperfections in the shape of critical elastic buckling mode. However, taking into account the 
results of the slender structure, there is not a specific norm that correlates GNIA and GNIA (Sway & 
Bow). 
Table 3-15: Resistance results of structure of medium slenderness 
Αnalysis λ 
LA 0.87 
LIA (Sway) 0.73 
GNA 0.71 
GNIA (Sway) 0.695 
GNIA (Sway, Bow) 0.67 
GNIA 0.68 
3.6.3 Rigid Structure (acr=21.44) 
   
(a) (b) (c) 
Figure 3-16: Buckling modes of rigid structure (a) sway, out-of-plane of (b) column 3 and (c) column 1 
The external loading is presented in Table 2-12. Furthermore, Figure 3-16 represents the buckling 
modes and factors which are necessary for determining the reducing resistance factors χz and χy as 
shown in Eq. (2-14) and (2-17).  
Eurocode 3 and Software sway buckling factor comparison 
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Eurocode 3 suggests that acr,sway is calculated by Eq. (3-3). According to Chapter 3.1.1, the lateral rigidity 
of all nine structures is K=2645.5kN/m. Consequently, for h=11.0m and total vertical load 
VEd=∑ VEd=(V1+V2+V3)∙2+(q1+q2+q3)∙l=0+(30+2∙50) ∙10=1300kN, 
cr,sway
11
a =2645.5 =22.39 21.44
1300
  
It is clear that acr,sway proposed by Eurocode 3 differs approximately 5% from the realistic factor 
calculated by ADINA, a deviation which is satisfactory for engineering. 
According to the flow-chart of Figure 3-2, acr,all=min(acr)=8.80<k, where k=25. Additionally, acr,sway>>10 
and consequently, the structure should be analysed by Μ3-method. Calculation of factor Ncr/NEd might 
not be necessary for the analysis, but it would be interesting to compare the results of both software 
and Eurocode 3. 
For both columns 1 and 3, considering in-plane buckling: 
Calculations in Chapter 3.6.1 indicated that Ncr,1,3=10746.8kN, Ncr,4,8=16118.5kN and Ncr,5,7=18271.9kN. 
Using software ADINA, acr,inner=acr,sway=21.44, the critical buckling factor for columns 1 and 3. Factors 
Ncr/NEd for columns of the structure calculated by both EC3 and ADINA are shown in Table 3-16. 
Table 3-16: Νcr/N factors for all columns, by both EC3 and software ADINA of rigid structure 
LA 1 3 4 5 7 8 
Axial Force (kN) -466.06 -833.94 -318.88 -125.23 -174.77 -481.12 
Νcr/N (ADINA) 21.44 21.44 21.44 21.44 21.44 21.44 
Νcr/N (EC3) 23.1 12.9 50.5 145.9 104.6 33.5 
It is clear that in all columns and by both methods, Ncr/NEd>>4 and consequently, M3-method is 
adequate for analysing the structure. However, for critical column 3, results from EC3 and software 
deviate more than accepted and unjustifiable.  
At this point, it is necessary to determine the difference between imperfections in the shape of the 
critical buckling mode and, equivalently, imperfections that are applied as global sway and local bow. 
The comparison is shown in Table 3-17. 
Table 3-17: GNIA (Sway & Bow) and GNIA of rigid structure comparison 
GNIA(Sway&Bow) - M5  1 3 4 5 7 8 
Axial Forces (kN) -455.81 -840.77 -317.09 -125.80 -175.37 -480.32 
Bend. Moments (kNm) 
-534.08 -655.50 114.71 135.24 -224.35 -367.51 
298.41 524.51 48.41 -76.49 328.16 447.41 
Shear Forces (kNm) 
-167.57 -238.00 16.12 69.71 -186.72 -277.93 
-158.72 -216.52 27.82 73.93 -180.63 -261.41 
GNIA - M5  1 3 4 5 7 8 
Axial Forces (kN) -455.79 -839.63 -316.37 -125.01 -174.55 -480.30 
Bend. Moments (kNm) 
-534.81 -648.12 118.32 136.73 -221.93 -361.64 
310.56 539.64 52.24 -75.52 329.22 452.23 
Shear Forces (kNm) 
-160.22 -221.21 20.80 71.88 -183.59 -270.42 
-167.38 -229.21 23.26 72.23 -182.87 -267.90 
According to Table 3-17, critical values do not differ more than 1%. However, some values of minor 
importance in the verification of the structure, deviate more than 20%. 
Finally, it is of utmost importance that inner forces results are presented for all methods proposed in 
Ec3. That way, it is possible to determine whether a potential change in the proposals be suggested. 
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Table 3-18: Internal forces of columns under LA or, equally M1-method of rigid structure 
LA - M1  1 3 4 5 7 8 
Axial Forces (kN) -466.06 -833.94 -318.88 -125.23 -174.77 -481.12 
Bend. Moments (kNm) 
-497.93 -617.71 119.40 135.97 -222.66 -358.17 
277.49 511.87 41.15 -77.72 325.38 440.08 
Shear Forces (kNm) 
-155.08 -225.92 26.08 72.68 -182.68 -266.08 
-155.08 -225.92 26.08 72.68 -182.68 -266.08 
            0.90% 
Table 3-19: Internal forces of columns under LIA(Sway), equally M3-method, of rigid structure 
LIA (Sway) - M3  1 3 4 5 7 8 
Axial Forces (kN) -463.88 -835.01 -318.22 -125.23 -174.45 -481.09 
Bend. Moments (kNm) 
-503.40 -623.21 118.29 135.75 -222.90 -359.26 
281.38 515.78 43.51 -76.66 326.44 442.44 
Shear Forces (kNm) 
-156.95 -227.80 24.93 72.25 -183.11 -267.23 
-156.95 -227.80 24.93 72.25 -183.11 -267.23 
                  3.10%  
Table 3-20: Internal forces of columns under GNIA (Sway), or M4-method of rigid structure 
GNIA (Sway) - M4  1 3 4 5 7 8 
Axial Forces (kN) -456.65 -839.13 -316.31 -125.08 -174.18 -480.24 
Bend. Moments (kNm) 
-527.53 -643.13 116.58 136.28 -222.71 -362.42 
303.44 533.44 51.72 -75.13 329.62 451.18 
Shear Forces (kNm) 
-160.04 -224.01 20.66 71.64 -183.93 -269.93 
-165.69 -229.20 22.38 71.90 -183.33 -268.55 
      1.90% 
Table 3-21: Internal forces of columns under GNIA (Sway & Bow), or M5-method of rigid structure 
GNIA (Sway&Bow) - M5  1 3 4 5 7 8 
Axial Forces (kN) -455.81 -840.77 -317.09 -125.80 -175.37 -480.32 
Bend. Moments (kNm) 
-534.08 -655.50 114.71 135.24 -224.35 -367.51 
298.41 524.51 48.41 -76.49 328.16 447.41 
Shear Forces (kNm) 
-167.57 -238.00 16.12 69.71 -186.72 -277.93 
-158.72 -216.52 27.82 73.93 -180.63 -261.41 
Internal forces of all methods are presented in Table 3-18, Table 3-19, Table 3-20, Table 3-21. 
Additionally, the percentage differences for the highest values of bending moments among successive 
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Taking into consideration these differences, it is concluded that M3-method is acceptable, as it differs 
less than 10% from the realistic one. Additionally, M1-method is additionally acceptable, as it differs 
less than 10% from M5-method. Consequently, the proposed method is inaccurate. Regarding this, a 
proposal is suggested in the following Chapter 3.6.4. 
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Equilibrium paths & resistance results 
As the slenderness of the structure decreases, the structure suffers less from member instability and 
more from cross section’s yielding. Beams are also closer to yielding. However, the critical verification 
is - like in the slender structure of the previous Chapter -member buckling verification. 
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Consequently, the structure collapses under GNIA (Sway & Bow). Like in Chapter 2, a multiplying factor 
λ is applied in external nodal forces till both Conditions (2-13) and (3-8) are met. For λ=0.662, 
y,EdEd
yy
y Rk LT y,Rk
M1 M1
MN 777.02 459.28
+k = +0.95 =0.198+0.795=0.993<1




All other checks referred are met when the multiplying factor λ=0.662. For example, cross section 






, a=0.252 , N,y,Rd
1-0.176













It is clear that the higher the rigidity, the more the cross section verification tends to be critical. 
Consequently, λ=0.662 the multiplying factor by which the structure collapses. 
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The conclusions from analyses in rigid structure can be determined by both Figure 3-17 and Table 3-22: 
 The realistic plastic behavior of the structure cannot be adequately represented by elastic analysis. 
Resistance results can be even 34% more conservative in elastic analysis. 
 The more rigid the structure is, the more its elastic resistance deviates from plastic, for reasons 
presented in 3.6.2. 
 The more rigid the structure is, the more LA converges to LIA (Sway). Indeed, as the rigidity of the 
structure increases, cross section verification tends to be more critical. Consequently, all methods are 
verified with the same equation and thus, the results of all analyses converge. 
 The deviation in geometrically non-linear analysis is not as considerable as in slender structure.  
 Imperfections added as global sway and local bow geometry appear to lead to close results to those 
of imperfections in the shape of critical elastic buckling mode. However, taking into account the 
results of the slender structure, there is not a specific norm that correlates GNIA and GNIA (Sway & 
Bow). 
Table 3-22: Resistance results of rigid structure 
Αnalysis λ 
LA 0.82 
LIA (Sway) 0.70 
GNA 0.69 
GNIA (Sway) 0.682 
GNIA (Sway, Bow) 0.66 
GNIA 0.669 
3.6.4 Results of all structures 
 
Figure 3-18: Percentage differences of all methods proposed by the revised version of EC3 for 2D structure 
As stated in previous subchapters, the primitive purpose of Chapter 3 is to determine whether the 
methods proposed for each structure are accurate. These results are presented in Figure 3-18. Many 
are the conclusions that arise from this figure: 
 As the structure is more rigid, all methods converge. Indeed, in the rigid structure of acr=21.44, the 
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 The point that the percentage difference of M1-M5 methods is 10%, is the one that indicates that 
the structure should be analyzed by M1-method or, equally, by LA. It is clear that structures of acr>13 
can be examined by M1-method. Nevertheless, EC3 does not allow for LA in all these structures as 
presented in Chapters 3.6.1, 3.6.2, 3.6.3 because acr,all<25. This is clearly a problem in the proposed 
method, because the critical out-of-plane critical mode does not affect the behavior of the structure. 
Indeed, the forces and the displacements of the structure are in-plane and consequently, out-of-
plane effects do not affect the structure. Thus, it is suggested that an alteration in this case be made. 
 Structures of 11<acr<13 should be analyzed by M3-method. Nevertheless, EC3 suggests that 
structures of acr>10 be examined by M3-method. The results are close, but maybe a revision 
regarding this condition should additionally be made. 
 In all structures analysed in this thesis, M4-method should be applied in the structure except for the 
rigid structure of acr=21.44 where M3-method is adequate. Additionally, for the slender structure of 
acr=5.96, Ncr/NEd=4.6 which is slightly equal to Ncr/NEd=4. That said, the structure is close to the 
condition that entails M5-method analysis. This statement is clearly illustrated in this figure, as M4-





Figure 3-19: LIA, GNIA, MNIA, GMNIA (Sway) comparison for (a) slender structure, (b) structure of medium 
slenderness and (c) rigid structure 
Figure 3-19 represents all different types of analysis with sway imperfection. That way, it is possible to 
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 In slender structures, GMNIA and MNIA analyses deviate significantly. That said, the impact of 
geometry is critical in this case. On the other hand, the more rigid the structure is, the more MNIA 
and GMNIA converge and thus, geometry non-linearity is negligible. 
 LIA and MNIA diverge as the structure becomes more rigid. Consequently, material plays an important 
role in rigid structure, a statement that has been proved through many graphs in previous Chapters. 
This fact has its ground on the fact that rigid enough structures have the ability to form plastic hinges. 
That said, after a cross-section yields, the structure has the potential to deform much more than a 
slender structure. 
 In slender structures, both MNIA and GNIA deviate from LIA. Thus, both geometry and material play 
a consequential role on the behavior of the structure. However, the impact of geometry is more 
important than in more rigid structures, while the impact of material is less significant than in rigid 
ones. 
 In both rigid structure and structure of medium slenderness, GNIAnalysis converges to LIAnalysis. 
GNIAnalysis is approximately linear in contrast to slender structures where geometrically non-linear 
analysis is non-linear. 
 
Figure 3-20: Equilibrium paths for all methods for structures of (a) Load 1, (b) Load 6 and (c) Load 9 
Additionally, it is crucial that all methods proposed by the revised version of EC3 be compared. For all 
three distinctive structures analysed in the current Chapter, Figure 3-20 is presented. It is clear that all 
methods converge in the most rigid structure. Furthermore, in slender structure geometrically non-linear 
analysis deviate more than in rigid structures. That said, geometry’s role in slender structures is more 
important. It is also clear that rigid structures are able to deform more than slender structures that 
collapse suddenly usually because of lateral buckling, like in the case of the structure analysed in 
Chapter 3.6.1. 
Finally, as in Chapter 2, one of the main purposes of all analyses is the determination of the resistance 
of all structures analysed. Some of these results are presented in the chapters that concern the three 
distinctive structures. However, it is substantial that the results of all structures are also compared. 
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Table 3-23: Resistance results of all 2D structures for both elastic and plastic analyses 
analysis\acr 5.96 6.56 7.182 8.57 10.5 13.52 17.07 18.70 21.44 
elastic  
LA 0.935 0.93 0.92 0.91 0.89 0.87 0.85 0.84 0.82 
LIA_Sway 0.81 0.80 0.79 0.775 0.75 0.73 0.715 0.705 0.70 
GNA 0.79 0.785 0.775 0.75 0.73 0.71 0.695 0.693 0.69 
GNA_Sway 0.77 0.76 0.745 0.73 0.71 0.695 0.685 0.683 0.682 
GNA_Sway_Bow 0.735 0.72 0.705 0.695 0.68 0.67 0.665 0.663 0.66 
GNIA 0.74 0.735 0.715 0.705 0.69 0.68 0.675 0.67 0.669 
plastic  
MNIA_Sway 0.85 0.84 0.815 0.79 0.76 0.735 0.71 0.695 0.69 
GMNA 1.077 1.067 1.058 1.046 1.039 1.033 1.028 1.021 1.017 
GMNIA 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
GMNIA_Sway 1.037 1.031 1.026 1.021 1.0181 1.0177 1.0162 1.010 1.007 
GMNIA_Sway_Bow 1.017 1.012 1.0055 1.008 1.011 1.0142 1.0137 1.006 1.004 
 
Figure 3-21: Resistance results of all methods for all structures 
The conclusions from Table 3-23 are the following: 
 Realistic geometrically linear analyses appear much more conservative than the realistic geometrically 
and materially non-linear analyses. The more rigid the structure, the more these analyses deviate 
from each other. Indeed, rigid structures are adequately materially non-linear and thus, cross section 
and member buckling verification cannot indicate this consequential non-linearity of the material. 
Consequently, the results differentiate significantly. This statement is also clearly illustrated in 
Figure 3-21. 
 Like in plastic analysis, in elastic analysis the resistance of all analyses converge as the structure is 
more rigid. Indeed, geometrical non-linearity is negligible in rigid structures and thus, results of the 
same non-linearity and divergent imperfections converge. Additionally, materially non-linear analyses 
and both geometrically and materially non-linear analyses do not differentiate significantly, as 
geometry has minor impact on such structures. 
 The impact of imperfections is also illustrated by Figure 3-22. The convergence is considerable in 
elastic analyses of the present Chapter 3. However, the convergence of the resistance results is not 
as clear as in plastic analysis of Figure 2-25. Indeed, the absence of materially non-linearity in the 
former case leads to unrealistic results in both slender and rigid structures, as the impact of material 
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 Linear analyses and materially non-linear analyses do not differentiate significantly. Additionally, the 
more slender the structure is, the more the results deviate from each other. This might seem like a 
paradox, as it is proved through graphs that the impact of material in rigid structures is significant. 
However, the results of Table 3-23 are accurate. Indeed, as the resistance results of both methods 
are the outcome of member buckling verification - which actually is a yielding verification - the post 
yielding resistance of materially non-linear analyses cannot be indicated. Consequently, even if the 
analysis is materially non-linear, the checks established are linear and thus, there is negligible 
difference with linear analysis. In slender structures, as shown in Figure 3-19(a), materially non-linear 
analyses and linear analyses diverge from the very first displacements of the structure. This is why 
the results do not coincide in the slender structure.  
 
Figure 3-22: Geometrically non-linear analyses with all possible types of imperfections resistance results 
3.7 SUMMARY AND CONCLUSIONS 
In the current Chapter, the suggestions and proposals about second order analysis according to the 
revised version of Eurocode 3 are examined. The debatable parts of this version concerns the limit that 
has been established for determining the method by which a structure should be analysed. The first 
condition regards the possibility that a structure has to be analysed by linear analysis, which is acr,all<k. 
The second condition concerns the significance of in-plane effects. Condition acr,sway<10 leads to second 
order analyses which takes into account in-plane sway imperfections. Finally, local imperfections are 
considered in the analysis in the case that the condition Ncr/NEd<4 is met. All these proposal are 
examined in the current Chapter. 
First, the same spectrum of structures with varying slenderness is established to examine the proposals 
of Eurocode 3 in all possible cases that a three storey metal structure may have. That way it would be 
additionally feasible to determine a comparison between plastic and elastic analyses. Consequently, the 
factor that alters the value of acr is chosen to be the external nodal forces. A total amount of nine 
structures that covers the whole spectrum of such a structure is also examined. As in Chapter  2, factor 
acr varies from 5.96 to 21.44, an adequate enough spectrum. 
To meet the aforementioned demands, all possible materially linear analyses are examined. Indeed, the 
need for these analyses arises from the elastic analyses’ nature of the revised version of Eurocode 3. 
The primitive goal of this Chapter is to examine all possible methods proposed by EC3. That said, the 
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imperfection (LIA_Sway) which is M3-method, geometrically non-linear analysis with sway imperfection 
(GNIA_Sway) which is M4-method and finally geometrically non-linear analysis with both local bow and 
global sway imperfections (GNIA_Sway_Bow) which is M5-method. In addition to this, geometrically 
non-linear analysis without imperfection and geometrically non-linear analysis with imperfection in the 
shape of critical elastic buckling mode are also analysed. 
The approach followed in the current Chapter is analysing each structure with all methods proposed in 
the revised version of Eurocode 3. All types of analyses and verifications are applied in every structure. 
After analysing all structures with the loading which leads the structure to collapse in plastic 
GMNIAnalysis, internal forces are compared in each method. The percentage differences among the 
successive proposed methods are calculated for the highest value of bending moment, as axial forces 
do not differ more than 5% in the whole spectrum of structures. The proposed method in each case is 
compared to the realistic M5-method. If the suggested method Mi differs less than 10% from M5-
method, then Mi-1 is also compared with M5-method. If Mi-1 differs less than 10%, then the proposed 
one is conservative and thus, Mi-1 could replace Mi. On the other hand, if the proposed method deviates 
more than 10% from the realistic M5-method, then the analysis is against the safety of the structure 
and consequently Mi+1 should replace the suggested one. 
The conclusions made by the aforementioned approach are many. First, for rigid enough structures 
(acr>13) that are not exposed in out-of-plane loading but out-of-plane effects are significant (acr,all<25) 
there is an indicated flaw in the proposed method. For such structures that acr>13, linear analysis is 
adequate because it differentiates less than 10% from the realistic M5-method, as in-plane effects are 
negligible and out-of-plane effects are of minor importance (there is no loading in that plane). 
Consequently, a revision should possibly be made. Nevertheless, the proposed method is conservative. 
Additionally, it is concluded that structures of 11<acr<13 should be analysed by M3-method. 
Nevertheless, EC3 suggests that structures of acr>10 be examined by M3-method. The results are close, 
but maybe a revision regarding this condition should additionally be made. Finally, the proposed 
methods for slender structures seem to be accurate.  
In conclusion, the outcomes of the analyses are not in all cases encouraging. Nevertheless, the proposals 
of Eurocode 3 are for structures of varying slenderness conservative. However, an amendment should 
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4 THREE DIMENSIONAL STRUCTURE ANALYSIS 
ACCORDING TO THE REVISED VERSION OF 
EUROCODE 3 
4.1 OBJECTIVE AND SCOPE 
In Chapter 3, analyses indicated that, in some cases, especially in rigid enough structures, the proposals 
of the revised version of Eurocode 3 are not accurate. For frame structures of acr>13, M1-method is 
adequate, while Eurocode 3 suggests that M3-method is applied in the analysis because of the condition 
acr,all<25. However, that condition is met because of out-of-plane buckling modes which are negligible 
for the results of plane frames’ analyses. Consequently, for two-dimensional frames that are not affected 
by out-of-plane effects, the condition acr,all<25 should probably not include out-of-plane buckling modes. 
That conclusion leads to the question of whether these out-of-plane effects would be additionally 
negligible for a real three-dimensional structure. Thus, the scope of the present Chapter 4 is to examine 
the revised version of Eurocode 3 in a more realistic structure where out-of-plane effects are probably 
more significant than in the plane frame analysed in previous Chapters. Consequently, the questions 
that should be answered in this Chapter are the following: 
 Are the proposals of the revised version of Eurocode 3 more accurate for a realistic three dimensional 
structure? Are methods Mi proposed by Eurocode 3, presented in Figure 3-2, conservative or even 
worse against structure’s safety? 
 Are both software and Eurocode 3 mutually equal in examining the structure? 
 Is factor acr,sway proposed in Eurocode 3 additionally accurate for a three dimensional structure? 
 Which are the resistance differences between elastic analyses in frame structures and the equivalent 
three dimensional structures? 
In order to respond to these questions, two primitive criteria should be met. First, the structure should 
be equivalent to the frame examined in Chapter 3. That way it is feasible to establish a comparison 
among a two and a three dimensional structure. Second, as in previous Chapters, structures of varying 
slenderness should be analysed so that all possible cases and proposals of the revised version of 
Eurocode 3 be examined. Finally, in contrast to previous Chapter, in the current, only three distinctive 
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structures, out of nine examined in Chapters 2 and 3, are analysed. Indeed, these structures - 
thoroughly presented in Chapters 3.6.1, 3.6.2, 3.6.3 - are considered adequate for establishing reliable 
conclusions. 
4.2 MODELLING OF THE STRUCTURE 
In order to meet the need for comparable results with the previous Chapter 3, the structure in the 
current Chapter consists of two parallel frames which are connected with beams and cross-bracings. 
The dimensions of the frames are the same as of the structure examined in the previous Chapter. The 
distance between these frames is 7.0m and, consequently, the plan of each floor is 7x10 m2. The 
structure analysed in the current Chapter is presented in Figure 4-1(a). 
  
(a) (b) 
Figure 4-1: Three dimensional structure’s analysis model, (a) whole model, (b) cross-bracings’ view 
Loading 
The external loading in the plane of the frames is exactly the same as in the analyses performed in 
previous structures. Additionally, in order for the modelling to be realistic, out-of-frame’s-plane 
horizontal forces are added in the analyses as presented in Figure 4-1(b). Those forces are of equal 
measure to the horizontal forces that are applied in-frame’s-plane. In Chapter 2.5, there is a thorough 
reference in the magnitude of all forces, both distributed and nodal. 
Slab 
The slabs of the structure could be simulated with finite shell elements. However, the behaviour and 
the stresses of the slab are of minor importance in the current thesis. Thus, the slab is chosen to be 
simulated by rigid links of ADINA. Taking into account the realistic behaviour of a slab, some restrictions 
should be applied to the members with which it is connected. The restrictions are applied in all beams 
of a specific floor and regard the displacements in each direction of the plane and the rotation in the 
direction out of beams’ plane. That said, all beams have equal Δx, Δy and rz constraints. As already 
stated in Chapter 2.5, realistically, slabs in metal structures are simply supported and thus, the loading 
of slabs is distributed to the main beams. 
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Cross-Bracings 
According to the suggestions of Eurocode 3, even if the bracings in a structure are crossed, the 
compressed bracing should be neglected in the analysis. Consequently, only tensed bracings are 
considered, as shown in Figure 4-1(b). For cross bracings, CHS are chosen. The diameter and the 
thickness of the sections are determined from two restrictions. First, the section should resist axial 
forces, according to Eq. (4-2), and second, non-dimensional slenderness ?̅? should not exceed a certain 
value determined by Eurocode 3, according to Eq. (4-1). The latter restriction is established to protect 
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In the case of the structure analysed in the current Chapter: 
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Consequently, CHS 133x6 (A=23.94cm2, i=4.50cm) is chosen for both cross-bracings. At this point it is 
vital that Eq. (4-2) be examined for the most unfavourable loading condition, as all structures analysed 
have the same cross section. In the most rigid structure where horizontal forces are of highest value, 
HEd=(H1+H2+H3)∙2=(55+65+70.5)∙2=381kN, according to Table 2-12.  
Finally, NEd= HEd/sina=381/0.814=468.1kN, while Np,Rd=23.94∙35.5=850kN>468.1kN and CHS 133x6 is 
adequate cross-section for the structure. 
Cross-bracings are modelled by truss elements in software ADINA, as in reality bending moments are 
negligible. Thus, cross-bracings are affecting the rigidity of the structure out-of-frame’s-plane. 
 
Figure 4-2: Cross-bracing’s axial force 
Secondary Beams 
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As already stated, the slab transfers all its loads to the main beams. Consequently, secondary beams 
should only resist nodal forces applied in the structure. Additionally, vertical forces are transferred 
immediately to the columns. That said, secondary beams’ internal forces are actually axial forces. These 
axial forces are equal to the external horizontal forces, as shown in Figure 4-2. All these assumptions 
are checked in the results of analyses. It is chosen that all secondary beams are of the same dimensions 
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Finally, IPE200 (A=28.48cm2) is chosen as cross section for secondary beams. 
Nevertheless, in the analysis, axial forces are negligible, as beams are connected with rigid links and 
thus, there is no allowance for relative displacements (which lead to axial forces development). 
Orientation of cross sections – boundary conditions 
 
Figure 4-3: Orientation of cross sections of the structure 
As shown in Figure 4-3, where the meshing is intentionally presented much scattered than in the 
analyses performed, the strong axis of sections is oriented in the plane of the frames. Indeed, the plane 
that consists of cross-bracings is much more rigid. In reality, hinges would be adequate for the 
construction of the structure, but in this thesis all boundary conditions are considered fixed. Either way, 
it is of minor importance whether hinges or fixed boundary conditions should be used, as Mz bending 
moments are negligible in both cases. Additionally, beams are not subjected to horizontal distributed 
loading and thus, their strong axis should be vertical to the external (vertical) distributed load that is 
transferred from the slab. 
4.3 TYPES OF ANALYSIS AND CHECKS 
The methodology that is followed in the current Chapter is the same as in the previous. Consequently, 
the analyses that are conducted are the proposed from the revised version of Eurocode 3. According to 
M1-method, linear analysis is adequate for examining the structure. M3-method suggests that global 
sway imperfections are added in the analysis, while second order effects are negligible. In this case, 
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sway imperfections are applied only in the plane of the frames, as the plane that consists of cross-
bracings is rigid enough and, consequently, there is no reason in taking into account global 
imperfections. M4 and M5-methods propose that second order analysis is followed. The former applies 
only sway imperfections in the structure, while the latter both global and local imperfections. More 
insight into all these methods are given in Chapter 3.3. Moreover, M6-method would be considered 
relevant to this Chapter, as it refers more to out-of-plane effects. However, results indicated that - 
because of both loading and the geometry of the structure - forces in the weak axis, like Mz are negligible 
and thus, M6-method would be pointless. 
As far as cross-sectional and member-buckling verification, some checks should be added in the 
analyses. Indeed, as the structure is realistically three dimensional and loads in the direction of the 
weak axis are applied, checks should also take into account these supplemental phenomena. That said, 
regardless of the fact that analyses in Chapter 3 were applied in all possible degrees of freedom 
(Figure 3-3), the loading was applied in the main plane of the structure. Consequently, out-of-plane 
effects were negligible, as Mz=0 and Vy=0. 
Cross-sectional verification 
As proposed by Eurocode 3, cross-sectional verification should be performed in every suggested method. 
Indeed, the material of the structure is considered linear and, consequently, the software cannot 
indicate yielding. Thus, all following equations should be applied in the analyses: 
Regarding shear forces, Eq. (3-4) and (3-5) should be checked for every cross-section. These equations 
refer to both strong and weak axis. As far as axial force’s and bending moment’s interaction is 
concerned, Eq. (3-6) and (3-7) are not adequate for the analyses, as they do not take into consideration 
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Μ =Μ  (4-4) 
Finally, as stated in Chapter 4.2, the stiffeners of the slab are perpendicular to the beams. That said, 
the deflection of the slab is negligible in the direction that the main beams suffer from torsional 
moments. Consequently, torsional moments in the main beams are negligible and thus, torsional 
moment checks could be avoided. 
Member-buckling verification 
According to the revised version, some of the proposed methods should be verified by equations (6.62) 
and (6.63) of Eurocode 3. The sort form of these equations is presented in Eq. (2-13) and (3-8). 
However, the long form of these equations should be applied in a realistic three dimensional structure,  
like the one that is examined in the current Chapter. Equations (4-5) and (4-6) theoretically indicate all 
instable phenomena, like lateral buckling, lateral-torsional buckling. 
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4.4 RESULTS OF ANALYSES 
4.4.1 Slender Structure (acr=5.93) 
 
  
(a) (b) (c) 
Figure 4-4: Buckling modes of slender 3D structure (a) sway, out-of-plane of (b) column 3 and (c) column 1 
External loads are presented in Table 2-4. As far as buckling factors are concerned, except from acr,sway, 
all factors appear reduced in comparison to the two-dimensional equivalent structure presented in 
Figure 3-11. This has its ground on the fact that sway imperfection is only affected by the total vertical 
loads, while acr,column depends on the axial force of the respective column. In this case, axial forces 
appear higher in the direction that horizontal forces are applied and lower in the other direction. That 
said, axial forces in the frame positioned in the direction of the out-of-frame’s-plane are higher than in 
the two-dimensional frame examined in the previous Chapter. Consequently, these columns buckle 
“easier”, or equally, acr,column,3D< acr,column,2D. 
Eurocode 3 and Software sway buckling factor comparison 
According to Chapter 3.1.1, the lateral rigidity of the two-dimensional structure is K=2645.5kN/m. 
However, in the current case, where two parallel frames have been placed in the direction of sway 
buckling mode, the rigidity is two times the previous one. That said, K=5291kN/m.  









It is clear that acr,sway is calculated in the same way for the three and two-dimensional structure and 
consequently the results appear the same. Consequently, there is no need in examining this proposal 
in the upcoming structures, as it is verified in the previous Chapters 3.6.2 and 3.6.3. 
According to the flow-chart of Figure 3-2, acr,all=min(acr)=5.93<k, where k=25. Thus, the structure 
should be analysed by one of the M4, M5, M6-method. Factors Ncr/NEd for all columns of the structure 
calculated by both Eurocode 3 and ADINA and shown in Table 4-1. That way it is possible to determine 
which one of the three aforementioned methods should be applied for the analysis of the structure. It 
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is clear that Ncr/NEd>4 in all columns and consequently, M4-method should be applied. However, 
according to Eurocode 3, Ncr/NEd=4.3 for the most unfavourable column and thus, it is expected that 
the proposal is slightly accurate. Like in the previous Chapter, the credibility of this proposal is the 
primary purpose of this one. 
Table 4-1: Νcr/N factors for all columns, by both EC3 and software ADINA of slender 3D structure 
LA 1 3 4 5 7 8 
Axial Forces (kN) -2376.12 -2486.54 -1472.93 -656.59 -671.37 -1521.99 
Νcr/N (ADINA) 5.93 5.93 5.93 5.93 5.93 5.93 
Νcr/N (EC3) 4.5 4.3 10.9 27.8 27.2 10.6 
The results that are chosen to be presented are those of the most unfavourable frame. Internal axial 
forces of this frame appear higher than in the two-dimensional structure as already stated, while bending 
moments appear almost equal. This is reasonable, as My results from both vertical and horizontal loading 
in the direction of the frame which are in this case the same as in the 2D-frame. This is additionally 
illustrated in Table 4-2, Table 4-3, Table 4-4 and Table 4-5 that summarize the actions in every section. 
Table 4-2: Internal forces of columns under LA or, equally, M1-method of Eurocode 3 of slender 3D structure 
LA - M1  1 3 4 5 7 8 
Axial Forces (kN) -2376.12 -2486.54 -1472.93 -656.59 -671.37 -1521.99 
Bend. Moments (kNm) 
-127.01 -240.67 207.91 163.67 -192.26 -277.69 
17.50 244.84 -125.30 -165.48 239.68 277.57 
Shear Forces (kNm) 
-28.90 -97.10 111.07 111.96 -143.98 -185.09 
-28.90 -97.10 111.07 111.96 -143.98 -185.09 
            7.50% 
Table 4-3: Internal forces of columns under LIA (Sway) or, equally, M3-method of slender 3D structure 
LIA (Sway) - M3  1 3 4 5 7 8 
Axial Forces (kN) -2368.59 -2491.04 -1465.84 -654.77 -670.53 -1519.64 
Bend. Moments (kNm) 
-146.45 -260.12 203.75 162.41 -193.64 -281.85 
31.27 258.60 -116.89 -161.22 243.94 285.98 
Shear Forces (kNm) 
-35.54 -103.75 106.88 110.08 -145.86 -189.27 
-35.54 -103.75 106.88 110.08 -145.86 -189.27 
                  12.20%  
Table 4-4: Internal forces of columns under GNIA (Sway), or M4-method of slender 3D structure 
GNIA (Sway) - M4  1 3 4 5 7 8 
Axial Forces (kN) -2363.73 -2504.75 -1466.17 -655.13 -671.99 -1524.92 
Bend. Moments (kNm) 
-178.36 -296.28 202.44 162.38 -192.59 -286.23 
65.42 286.45 -104.76 -157.26 247.32 299.22 
Shear Forces (kNm) 
-35.49 -102.72 97.78 107.50 -145.75 -190.99 
-51.71 -104.22 102.49 107.75 -144.56 -190.33 
      9.50% 
Table 4-5: Internal forces of columns under GNIA (Sway & Bow), or M5-method of slender 3D structure 
GNIA (Sway&Bow) - M5  1 3 4 5 7 8 
Axial Forces (kN) -2369.96 -2499.09 -1469.20 -657.03 -671.91 -1522.74 
Bend. Moments (kNm) 
-207.35 -327.35 188.94 157.19 -198.52 -300.87 
34.58 254.26 -119.13 -163.31 241.22 284.75 
Shear Forces (kNm) 
-73.04 -142.52 74.91 97.20 -156.27 -214.99 
-13.46 -64.06 125.70 118.10 -133.98 -166.60 
80 CHAPTER 4 
DIPLOMA THESIS OF ANDRONIKOS SKIADOPOULOS   N.T.U.A - 2016 
Comparison of these Tables with those of the equivalent 2D structure, Table 3-3, Table 3-4, Table 3-5, 
Table 3-6, indicates that bending moments are approximately the same, while axial forces differentiate 
significantly. These results clarify the aforementioned predictions and arguments. Additionally, internal 
forces of the frame are represented in Figure 4-5 and Figure 4-6(b) for M4-method which is the proposed 
for this structure. Bending moment Mz and the respective shear forces are negligible, as shown in 
Figure 4-6(a). 
The percentage differences among the successive proposed methods are calculated for the highest 
value of bending moment, as axial forces differences are inconsequential. The highest value of moments 
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, not acceptable 
It is concluded that M1, M3-methods would not be acceptable, as they differ more than 10% from the 
realistic one. Additionally, M4-method is marginally acceptable, as it differs slightly less than 10% from 
M5-method. Consequently, the proposed method is slightly correct. In comparison to the 2-D analyses 
examined in the previous Chapter, it is predicted that for all respective analyses of the current Chapter, 
the percentage differences are approximately the same, while Ncr/NEd calculations are stricter. 
Additionally, acr,all is higher in the current Chapter, while acr,sway is additionally equal in both Chapters. 
This means that the proposed methods are stricter in 3D analysis, as both Ncr/NEd and acr,all indicators 
are stricter. Conclusions are summarized in Chapter 4.4.4.  
  
(a) (b) 
Figure 4-5: Internal forces of slender structure (a) axial forces, (b) bending moments-s 
Except from the most unfavourable frame, it is additionally vital that all other parts of the structure be 
examined. Secondary beams do not suffer from serious internal forces. Main beams develop primarily 
bending moments and the respective shear forces, as axial forces are transmitted straight to the slab. 
Table 4-6 presents these forces. Finally, cross bracings develop significant axial forces which are not 
visible in Figure 4-5 because of scaling. Internal axial forces of all bracings are presented in Table 4-7. 
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(a) (b) 
Figure 4-6: Internal forces of slender structure (a) bending moments-t, (b) shear forces-t 
Regarding main beams, according to Eq. (3-4) and (3-5), and for the internal forces of Table 4-6: 
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It is clear that VEd,max<0.5∙Vpl,Rd or 291.52<0.5∙1407.66 and bending moment’s resistance should not be 
reduced. That said, MEd<Mpl,Rd, or MEd,max<Wy∙fy, or 572.64kNm<21.94∙35.5, or 572.64kNm<778.87kNm 
and beams resist the loading applied. 
Table 4-6: Main beams’ internal forces according to GNIA (Sway) analysis for slender structure 
GNIA_Sway 1st floor 3rd floor 2nd floor 
Axial Forces (kN) 0.00 0.00 0.00 
Bend. Moments (kNm) 
-136.99 -157.24 -273.56 
-572.64 -247.30 -491.78 
Shear Forces (kN) 
-204.06 -139.76 -226.12 
291.52 157.79 269.81 
Finally, regarding bracings, Npl,Rd>Ned, or equally Npl,Rd=23.94∙35.5=850kN>152.64kN for CHS 133x6. 
This check could be applied without a software, as shown in Chapter 4.2, Figure 4-2. Indeed: 
HEd=(H1+H2+H3)∙2=(16+21+26)∙2=126kN, according to Table 2-4 for cross bracings of 1st floor. 
Consequently, NEd= HEd/sina=126/0.814=154.79kN~152.64kN. 
Table 4-7: Axial forces of cross-bracings according to GNIA (Sway) analysis for slender structure 
Axial Forces (kN) 1st frame 2nd frame 
1st floor 152.64 141.45 
2nd floor 79.67 77.97 
3rd floor 33.28 33.13 
Consequently, like in Chapter 3.6.1, the critical checks of the structure are these of Eq. (4-5) and (4-6). 
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M1M1 M1
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Consequently, the structure collapses under GNIA (Sway) under the loads that are applied. Like in 
Chapter 3, a multiplying factor λ is applied in external nodal forces till both Conditions (2-13) and (3-8) 
are met. For λ=0.75, both conditions are met. As predicted, λ3D=0.75< λ2D(=0.77) 
 
Figure 4-7: Equilibrium paths of all proposed methods for slender 3D structure 
The conclusions from analyses in slender structure can be determined by both Figure 4-7 and Table 4-8: 
 It may not be visible in Figure 4-7, but the equilibrium paths for both 2D and 3D structures are 
identical. The only distinctive factor in the respective paths is the point in which the structure 
collapses. That point as mentioned above is lower in the 3D structure, because it collapsed “earlier” 
than the 2D structure. 
 The realistic plastic behavior of the structure cannot be adequately represented by elastic analysis. 
Resistance results can be even 30% more conservative in elastic analysis. This is because of the 
conservative nature of elastic analysis. 
 Imperfections play an important role in analyzing the structure, as geometrical non-linearity is 
significant in slender structures. 
 Like in the 2D frame, linear analysis appears less conservative than the others because it is suggested 
that member checks be only in the weak axis according M1-method. 
 In the case that horizontal forces are of higher value, the limit of Ncr/NEd<4 would be met. That way, 
M5-method would be suggested, while the percentage difference of M4 and M5 methods would tend 
to 10%. Indeed, higher values of axial forces would lead to greater impact on bow imperfections and 
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Table 4-8: Resistance results of slender 3D structure 
Analysis λ 
LA 0.90 
LIA (Sway) 0.785 
GNA 0.775 
GNIA (Sway) 0.75 
GNIA (Sway, Bow) 0.715 
GNIA 0.71 
4.4.2  Structure of medium slenderness (acr=13.30) 
   
(a) (b) (c) 
Figure 4-8: Buckling modes of 3D structure of medium slenderness (a) sway, out-of-plane of (b) column 3 and (c) 
column 1 
External loads are presented in Table 2-8. Except from acr,sway, all factors appear reduced in comparison 
to the two-dimensional equivalent structure presented in Figure 3-14 for the reasons explained in 
Chapter 4.4.1. 
Eurocode 3 and Software sway buckling factor comparison 
According to Chapter 3.1.1, K2D=2645.5kN/m. However, in the 3D structure examined, K3D=5291kN/m.  








, as expected, acr,sway,2D= acr,sway,3D 
According to the flow-chart of Figure 3-2, acr,all=min(acr)=7.66<k, where k=25. Additionally, acr,sway>10 
and consequently, the structure should be analysed by Μ3-method.  
Table 4-9: Νcr/N factors for all columns, by both EC3 and software ADINA of 3D structure of medium slenderness 
LA 1 3 4 5 7 8 
Axial Forces (kN) -1221.96 -1518.30 -682.28 -270.57 -313.17 -819.42 
Νcr/N (ADINA) 13.30 13.30 13.30 13.30 13.30 13.30 
Νcr/N (EC3) 8.8 7.1 23.6 67.5 58.3 19.7 
It is clear that the results from ADINA and EC3 deviate more in the three dimensional structure. In the 
case of the two dimensional structure the difference is not significant, while in the current case the 
difference is consequential. As already stated, the results deviate because of the increased internal axial 
forces in the 3D structure. 
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Axial forces in the 3D model of medium slenderness appear significantly higher than in the respective 
2D model, because in this case horizontal forces that cause this difference are high. However, second 
order phenomena are negligible in this case as the structure is rigid enough. Consequently, bending 
moments appear almost equal. This is also illustrated by GNIA (Sway & Bow), where bending moments 
are higher in the 3D model, as axial forces appear higher and thus, second order effects increase 
bending moments. This is additionally illustrated in Table 4-10, Table 4-11, Table 4-12 and Table 4-13 
that summarize the actions in every section. 
Table 4-10: Internal forces of columns under LA, or M1-method, of EC3 of 3D structure of medium slenderness 
LA - M1  1 3 4 5 7 8 
Axial Forces (kN) -1221.96 -1518.30 -682.28 -270.57 -313.17 -819.42 
Bend. Moments (kNm) 
-409.21 -522.87 139.79 139.36 -218.50 -345.81 
215.33 442.66 1.64 -95.65 309.52 404.51 
Shear Forces (kNm) 
-124.91 -193.11 46.05 79.93 -176.00 -250.11 
-124.91 -193.11 46.05 79.93 -176.00 -250.11 
            1.62% 
Table 4-11: Internal forces of columns under LIA (Sway), or M3-method, of 3D structure of medium slenderness 
LIA (Sway) - M3  1 3 4 5 7 8 
Axial Forces (kN) -1216.88 -1518.35 -673.81 -267.70 -310.27 -812.48 
Bend. Moments (kNm) 
-417.81 -531.50 138.08 138.95 -218.95 -347.52 
221.45 448.79 5.30 -93.93 311.23 408.17 
Shear Forces (kNm) 
-127.85 -196.06 44.26 79.21 -176.72 -251.90 
-127.85 -196.06 44.26 79.21 -176.72 -251.90 
                  5.34%  
Table 4-12: Internal forces of columns under GNIA (Sway) - M4-method - of 3D structure of medium slenderness 
GNIA (Sway) - M4  1 3 4 5 7 8 
Axial Forces (kN) -1209.89 -1527.58 -675.46 -269.13 -312.07 -817.10 
Bend. Moments (kNm) 
-447.77 -561.49 135.75 139.12 -218.23 -350.98 
252.56 475.83 17.20 -90.30 314.45 420.20 
Shear Forces (kNm) 
-125.82 -189.59 37.44 77.48 -177.21 -254.81 
-139.33 -197.21 40.79 77.94 -176.24 -252.97 
      3.42% 
Table 4-13: Internal forces of columns under GNIA (Sway & Bow), or M5-method, of 3D structure of medium 
slenderness 
GNIA (Sway&Bow) - M5  1 3 4 5 7 8 
Axial Forces (kN) -1211.86 -1526.48 -676.71 -270.17 -312.92 -816.64 
Bend. Moments (kNm) 
-462.84 -581.40 129.20 136.87 -221.13 -360.29 
237.28 457.28 10.78 -92.88 311.77 413.42 
Shear Forces (kNm) 
-145.03 -214.16 26.71 73.23 -182.19 -268.50 
-119.97 -173.17 51.33 82.18 -171.40 -241.00 
Internal forces the structure are represented in Figure 4-9 and Figure 4-10 for M3-method which is the 
proposed for this structure. Bending moment Mz and the respective shear forces are negligible, as shown 
in Figure 4-10(a). The difference among axial forces in in this case visible. Additionally, bending 
moments appear strongly affected by horizontal forces in contrast to the slender structure. 
Percentage differences among the successive proposed methods are calculated for the highest value of 
bending moments: 
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, not acceptable 
Taking into account these values, it is concluded that M3-method is acceptable, as it differs less than 
10% from M5-method. Additionally, M1-method is marginally acceptable, as it differs slightly more than 
10% from M5-method. Consequently, the proposed method is slightly correct. This example could be 
the limit for applying M1-method. Consequently, every case of a more rigid structure than this, should 
be analysed with M1-method. 
  
(a) (b) 
Figure 4-9: Internal forces of structure of medium slenderness (a) axial forces, (b) bending moments-s 
  
(a) (b) 
Figure 4-10: Internal forces of structure of medium slenderness (a) bending moments-t, (b) shear forces-t 
As far as the main beams are concerned, according to Eq. (3-4) and (3-5), according to Table 4-14: 
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It is clear that VEd,max<0.5∙Vpl,Rd or 335.97<0.5∙1407.66, as calculated in Chapter 4.4.1, and 
consequently, bending moment’s resistance should not be reduced. 
That said, MEd>Mpl,Rd, or MEd,max>Wy∙fy, or 796.29kNm>21.94∙35.5, or 796.29kNm>778.87kNm and 
beams does not resist the loading applied. However, the critical check is not this one, but the column 
member buckling verification. 
Table 4-14: Main beams’ internal forces according to GNIA (Sway) analysis for structure of medium slenderness 
GNIA_Sway 1st floor 3rd floor 2nd floor 
Axial Forces (kN) 0.00 0.00 0.00 
Bend. Moments (kNm) 
83.40 -93.92 -138.37 
-796.29 -311.21 -627.09 
Shear Forces (kN) 
-160.03 -127.07 -199.13 
335.97 170.53 296.87 
Finally, regarding bracings, Npl,Rd>Ned, or equally Npl,Rd=23.94∙35.5=850kN>378.25kN for CHS 133x6. 
Without using software, HEd=(H1+H2+H3)∙2=(48+54+57)∙2=318kN, according to Table 2-8 for cross 
bracings of 1st floor. Consequently, NEd= HEd/sina=318/0.814=390.66kN~378.25kN. 
Table 4-15: Axial forces of cross-bracings according to GNIA (Sway) analysis for structure of medium slenderness 
Axial Forces (kN) 1st frame 2nd frame 
1st floor 378.25 354.45 
2nd floor 196.87 192.87 
3rd floor 92.99 92.53 
Consequently, like in Chapter 3.6.1, the critical checks of the structure are these of Eq. (4-5) and (4-6). 
y,Ed z,EdEd
yy yz
y Rk LT y,Rk z,Rk
M1M1 M1
M MN 1518.35 531.50 22.45
+k +k = +0.99 +0.69
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For λ=0.69, all conditions are met. As predicted, λ3D=0.69< λ2D(=0.72) 
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The conclusions from analyses in this structure can be determined by both Figure 4-11 and Table 4-16: 
 Equilibrium paths for both 2D and 3D structures are identical. The only distinctive factor is the point 
in which the structure collapses. Thus, the conclusions for both structures may be found in 
Chapter 3.6.2. 
 Resistance results can be even 35% more conservative in elastic analysis than in plastic. This is 
because of the conservative nature of elastic analysis. 
Table 4-16: Resistance results of 3D structure of medium slenderness 
Analysis λ 
LA 0.79 
LIA (Sway) 0.69 
GNA 0.67 
GNIA (Sway) 0.655 
GNIA (Sway, Bow) 0.63 
GNIA 0.65 
4.4.3 Rigid Structure (acr=20.65) 
   
(a) (b) (c) 
Figure 4-12: Buckling modes of rigid 3D structure (a) sway, out-of-plane of (b) column 3 and (c) column 1 
External loads are presented in Table 2-12. Except from acr,sway, all factors appear reduced in comparison 
to the two-dimensional equivalent structure presented in Figure 3-16 for the reasons explained in 
Chapter 4.4.1. 
Eurocode 3 and Software sway buckling factor comparison 
cr,sway
11




 or, equally, acr,sway,2D= acr,sway,3D 
According to the flow-chart of Figure 3-2, acr,all=min(acr)=7.86<k, where k=25. Additionally, acr,sway>>10 
and consequently, the structure should be analysed by Μ3-method.  
Table 4-17: Νcr/N factors for all columns, by both EC3 and software ADINA of rigid 3D structure 
LA 1 3 4 5 7 8 
Axial Forces (kN) -891.04 -1240.95 -472.30 -173.34 -222.70 -632.60 
Νcr/N (ADINA) 20.65 20.65 20.65 20.65 20.65 20.65 
Νcr/N (EC3) 12.1 8.7 34.1 105.4 82.0 25.5 
It is clear that the results from ADINA and EC3 deviate significantly in the three dimensional structure. 
In the case of the two dimensional structure the difference is not that consequential. 
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Table 4-18, Table 4-19, Table 4-20 and Table 4-21 summarize the actions in every section of the most 
unfavourable frame of the structure. 
Table 4-18: Internal forces of columns under LA, or M1-method, of EC3 of rigid 3D structure 
LA - M1  1 3 4 5 7 8 
Axial Forces (kN) -891.04 -1240.95 -472.30 -173.34 -222.70 -632.60 
Bend. Moments (kNm) 
-500.98 -614.65 123.37 135.73 -222.55 -362.24 
281.05 508.39 39.23 -78.68 326.48 442.10 
Shear Forces (kNm) 
-156.41 -224.61 28.05 72.93 -183.01 -268.11 
-156.41 -224.61 28.05 72.93 -183.01 -268.11 
            0.90% 
Table 4-19: Internal forces of columns under LIA (Sway), or M3-method, of rigid 3D structure 
LIA (Sway) - M3  1 3 4 5 7 8 
Axial Forces (kN) -886.59 -1239.74 -463.33 -170.24 -219.32 -624.33 
Bend. Moments (kNm) 
-506.47 -620.16 122.26 135.51 -222.79 -363.33 
284.96 512.30 41.59 -77.62 327.54 444.46 
Shear Forces (kNm) 
-158.29 -226.49 26.89 72.49 -183.44 -269.27 
-158.29 -226.49 26.89 72.49 -183.44 -269.27 
                  3.12%  
Table 4-20: Internal forces of columns under GNIA (Sway) - M4-method - of rigid 3D structure 
GNIA (Sway) - M4  1 3 4 5 7 8 
Axial Forces (kN) -880.59 -1244.65 -465.87 -172.05 -220.95 -627.74 
Bend. Moments (kNm) 
-527.80 -640.11 120.30 135.68 -222.21 -365.83 
308.07 531.92 50.39 -75.03 329.76 453.09 
Shear Forces (kNm) 
-155.24 -217.63 21.85 71.30 -183.76 -271.28 
-166.13 -225.36 24.42 71.66 -183.00 -269.50 
      2.50% 
Table 4-21: Internal forces of columns under GNIA (Sway & Bow), or M5-method, of rigid 3D structure 
GNIA (Sway&Bow) - M5  1 3 4 5 7 8 
Axial Forces (kN) -881.38 -1244.80 -466.66 -172.88 -222.02 -627.73 
Bend. Moments (kNm) 
-538.86 -656.71 115.64 134.19 -224.32 -373.64 
297.05 517.15 46.07 -76.74 327.95 448.34 
Shear Forces (kNm) 
-169.23 -237.77 14.37 68.58 -187.33 -282.17 
-152.09 -205.92 31.62 74.37 -179.61 -260.65 
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, acceptable 
It is concluded that M1-method is acceptable, as it differs less than 10% from M5-method. 
Consequently, M3-method proposed is conservative. 
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Internal forces the structure are represented in Figure 4-9 and Figure 4-10 for M3-method which is the 
proposed for this structure. 
  
(a) (b) 
Figure 4-13: Internal forces of rigid structure (a) axial forces, (b) bending moments-s 
  
(a) (b) 
Figure 4-14: Internal forces of rigid structure (a) bending moments-t, (b) shear forces-t 
As far as the main beams are concerned, VEd,max<0.5∙Vpl,Rd or 351.83<0.5∙1407.66, as calculated in 
Chapter 4.4.1, and consequently, bending moment’s resistance should not be reduced.  
Thus, MEd>Mpl,Rd, or MEd,max>Wy∙fy, or 875.61kNm>21.94∙35.5, or 875.61kNm>778.87kNm and beams 
does not resist the loading applied. However, the critical check is not this one, but the column member 
buckling verification. 
Table 4-22: Main beams’ internal forces according to GNIA (Sway) analysis for rigid structure 
GNIA_Sway 1st floor 3rd floor 2nd floor 
Axial Forces (kN) 0.00 0.00 0.00 
Bend. Moments (kNm) 
162.72 -77.61 -98.24 
-875.61 -327.52 -667.22 
Shear Forces (kN) 
-144.17 -123.81 -191.10 
351.83 173.79 304.90 
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Finally, regarding bracings, Npl,Rd>Ned, or equally Npl,Rd=23.94∙35.5=850kN>455.21kN for CHS 133x6. 
Without using software, HEd=(H1+H2+H3)∙2=(55+65+70.5)∙2=381kN, according to Table 2-12 for cross 
bracings of 1st floor. Consequently, NEd= HEd/sina=381/0.814=468.06 kN~455.21kN. 
Table 4-23: Axial forces of cross-bracings according to GNIA (Sway) analysis for rigid structure 
Axial Forces (kN) 1st frame 2nd frame 
1st floor 455.21 427.33 
2nd floor 232.74 228.10 
3rd floor 107.14 106.63 
Consequently, like in Chapter 3.6.1, the critical check of the structure is that of Eq. (4-5). 
y,Ed z,EdEd
yy yz
y Rk LT y,Rk z,Rk
M1M1 M1
M MN 1239.74 620.157 27.95
+k +k = +0.96 +0.65




For λ=0.66, all conditions are met. As predicted, λ3D=0.66< λ2D(=0.70) 
 
Figure 4-15: Equilibrium paths of all proposed methods for rigid 3D structure 
The conclusions from analyses in this structure can be determined by both Figure 4-15 and Table 4-24: 
 Equilibrium paths for both 2D and 3D structures are identical. Thus, the conclusions for both 
structures can be found in Chapter 3.6.3. More insights into 2D and 3D comparison are given in 
Chapter 4.4.4.  
 Resistance results can be even 38% more conservative in elastic analysis than in plastic. This is 
because of the conservative nature of elastic analysis. 
Table 4-24: Resistance results of rigid 3D structure 
Analysis λ 
LA 0.75 
LIA (Sway) 0.66 
GNA 0.645 
GNIA (Sway) 0.635 
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4.4.4 2D and 3D structure’s comparison 
The structure analysed in the current Chapter consists of two of the frames examined in the previous 
Chapter 3. Additionally, for these structures, the external loading is identical. The only difference is that, 
in the current case, horizontal out-of-frame’s-plane forces are added in the analysis. These loads 
increase axial forces in the frame that is in the direction of the horizontal forces. In the case of the 
slender structure, where horizontal forces are not significant, the increase of axial forces is not 
consequential. Consequently, even if geometry has significant impact on slender structures, bending 
moments in this case are not increased because of second order effects as axial force’s increase is 
negligent. However, in the case of rigid structure, even if axial forces’ increase is consequential, second 
order bending moments are minor, as geometrical non-linearity is insignificant in rigid enough 
structures. 
Furthermore, in the case that external loading is precisely equal for both two and three dimensional 
structures, the results appear identical to each other. Indeed, acr,sway,2D= acr,sway,3D and acr,all,2D = acr,all,3D, 
while internal forces are additionally equal in both cases. Needless to say that there is no need for 
presenting these results of analysis. 
The primary purpose of the current Chapter is, like in Chapter 3, the determination of the percentage 
differences among the methods proposed by the revised version of Eurocode 3 and thus, the verification 
of the credibility of these suggestions. For the three structures analysed, Figure 4-16 represents these 
percentage differences. 
 
Figure 4-16: Percentage differences of all methods proposed by the revised version of EC3 for 3D structure 
Many are the conclusions that arise from this figure: 
 As the structure is more rigid, all methods converge. The percentage difference between linear 
analysis and nonlinear analysis with all possible imperfections is negligible and thus, linear analysis is 
suggested in this case, in contrast to the proposed M3-method. 
 For structures of acr>13.5, M1-method is suggested to be used in the analysis. That point is lower in 
2D structures as axial forces are lower in that case. Thus, bending moments due to second order 
effects are the cause of the deviation among linear and geometrically nonlinear analyses. 
Nevertheless, EC3 does not allow for LA in all these structures because acr,all<25. More insights into 
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 Structures of approximately 12<acr<13.5 should be analyzed by M3-method. Nevertheless, EC3 
suggests that structures of acr>10 be examined by M3-method. However, analyses indicated that in 
structures of  10<acr<12, M4 is the accurate method. The results are close, but maybe a revision 
regarding this condition should additionally be made. 
 For the most slender structure, M4-M5 deviation converges to 10%, while Ncr/NEd converges to the 
limit 4. Consequently, this is a well-established limit in the proposed methods. 
Equilibrium paths of all structures and for all methods are presented in the respective chapters. 
Nevertheless, there is no need for comparison of each structure in the 3D model, as these paths are 
identical to these of 2D structure. Consequently, the conclusions made by these paths may be found in 
Chapter 3.6.4. 
Finally, it is vital that resistance results of all analyses be presented. Table 4-25 summarizes the 
resistance factors for both two and three dimensional structures. 
Table 4-25: Resistance results for respective 2D and 3D structures according to the revised version of EC3 
structure 2D 3D 
analysis\acr 5.96 13.52 21.44 5.93 13.3 20.65 
LA 0.935 0.87 0.82 0.90 0.79 0.75 
LIA_Sway 0.81 0.73 0.70 0.785 0.69 0.66 
GNA 0.79 0.71 0.69 0.775 0.67 0.645 
GNA_Sway 0.77 0.695 0.682 0.75 0.655 0.635 
GNA_Sway_Bow 0.735 0.67 0.66 0.715 0.63 0.62 
GNIA 0.74 0.68 0.669 0.71 0.65 0.625 
The conclusions that arise from this table are the following: 
 The results deviate more as the structure is more rigid, because the more rigid the structure is the 
more axial forces deviate. Bending moments do not diverge significant in either cases. 
 Resistance of all analyses converge as the structure is more rigid as geometrical non-linearity is 
negligent in rigid structures. 
 Additionally, many are the conclusions that match for both two and three dimensional structure. In 
order to avoid repetition, Chapter 3.6.4 offers insights about the proposals of the revised version of 
Eurocode 3. 
4.5 SUMMARY AND CONCLUSIONS 
In the previous Chapter, analyses indicated that the proposals of the revised version of Eurocode 3 are 
not accurate in all cases of structures. The main reason why Eurocode 3 is conservative in the 
suggestions of analyses is factor acr,all which is less than k=25 for all cases examined. However, that 
condition is met because of out-of-plane buckling modes which are negligible for the two dimensional 
analyses. Consequently, for two-dimensional frames, the condition acr,all<25 should probably not include 
out-of-plane buckling modes. A reasonable question that arises is whether these out-of-plane effects 
would be additionally negligible for a more realistic structure of three dimensions. Consequently, the 
present Chapter 4 examines the revised version of Eurocode 3 in a more realistic structure where out-
of-plane effects are probably more significant. 
The same three distinctive structures, thoroughly presented in previous Chapters, are chosen to be 
analysed in the current one. In order to establish a comparison among the results, the three dimensional 
structure consists of two frames that are identical to the other Chapters. Additionally, the external 
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loading is also the same for both structures with the difference that out-of-frame’s-plane horizontal 
forces are added in the present structure so that out-of-plane effects are taken into account. These 
horizontal forces are chosen to be equal to these that are applied in-frame’s-plane. As in Chapters  2 
and 3, factor acr varies from 5.93 to 20.65, an adequate enough spectrum. All these structures are 
analysed with all possible methods proposed by the revised version of Eurocode 3, just like in Chapter 3. 
The percentage differences among the successive proposed methods are calculated for the highest 
value of bending moment of the most unfavourable column. The proposed method by Eurocode 3 of 
each structure is compared to the realistic M5-method. Additionally, all other methods are compared 
with M5 and if the condition of 10% deviation is not met, a revision should be introduced. 
The conclusions that arise from these analyses are many and not in every case satisfactory. The only 
difference between the results of Chapters 3 and 4 is that the limits that identify the implementation of 
each method are slightly different because of the increased axial forces in the three dimensional 
structure. For structures of acr>13.5, linear analysis without imperfections is adequate. Nevertheless, 
the proposed method is conservative because  it takes into account out-of-plane effects which are 
negligible in this structure too. Additionally, structures of 12<acr<13.5 should be analysed with M3-
method. Nevertheless, EC3 suggests that structures of acr>10 be examined with M3-method. Finally, 
the proposed methods for slender structures seem to be accurate.  
In conclusion, analyses indicated that the proposals of Eurocode 3 are not in all cases encouraging, 
even in a realistic 3D structure. Nevertheless, in most cases the methods proposed are conservative. 
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5 SUMMARY AND CONCLUSIONS 
5.1 SUMMARY 
The irrefutable impact of both geometrical nonlinearity and imperfections on slender structures in 
combination to the need for comparing the alternative proposals of Eurocode 3 were the sparks of this 
diploma thesis. That said, the issue explored in this thesis is primarily the comparison of alternative 
methods for the analysis and design of steel frames and structures. The conditions that lead to first 
order analysis, the structures in which imperfections should be applied, the comparison between the 
different ways of applying imperfections are some of the issues treated in this thesis.  
For determining these aspects, structures of diverse slenderness should be examined. However, the 
demand for comparable results among all these structures led to analysis of identical cross-sections, 
geometry and dimensions. The characteristic that differentiated the structures in the parametric analysis 
was, consequently, the external loading. In order for these loads to produce comparable results, they 
were chosen so that the structures are brought to their ultimate state limit (ULS) or, equally, the factor 
that collapses the structure according to GMNIA λ=1. 
Firstly, the current version of Eurocode 3 regarding plastic analysis was examined. Among others, the 
indicating condition that allows for first order materially plastic analysis, acr>15, was investigated. 
Moreover, some of the topics treated in this chapter regard imperfections. More precisely, the conditions 
in which global sway and/or local bow imperfections should be applied and their most unfavourable 
were also topics explored. Finally, all equivalent methods of applying imperfections were compared. For 
example, a comparison between geometrically applied bow or sway imperfections and using equivalent 
forces was made in this chapter. In determining all these topics, parametric analyses with structures of 
diverse acr, in terms of sway buckling mode, were conducted. 
In the third chapter, the revised version of Eurocode 3 regarding elastic analysis was examined. The 
entire spectrum of structures explored in the previous chapter, was also analysed and compared in this 
case. The aim of this chapter was the comparison of all methods proposed by the revised version of 
Eurocode 3 and after all the evaluation of the proposals. As EC3 includes out-of-plane phenomena, all 
degrees of freedom were chosen active in this case. After thoroughly presenting all methods and their 
respective needed checks of both cross sections and members, internal forces were compared in each 
case. If the ultimate method that diverges less than 10% from the realistic M6-method is different than 
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the proposed, then a revision should be proposed. Finally, a comparison between the respective results 
of plastic and elastic analysis was presented. 
Finally, after analysing plane frames in the previous chapters, it was concluded that the proposals of 
Eurocode 3 were conservative in rigid structures because of acr,all. However, the factor acr,all was 
determined by out-of-plane buckling modes. Thus, the fourth chapter’s goal is to investigate the revised 
version of Eurocode 3 in a more realistic structure where out-of-plane effects would probably be not 
negligible. Consequently, an equivalent three dimensional structure consisting of the same parallel plane 
frames were analysed in this case. A slender, a structure of medium slenderness and a rigid structure 
were presented thoroughly and compared with the second and third chapters’ respective structures. 
5.2 FINAL REMARKS 
The results of all chapters indicate that the suggestions made by Eurocode 3 are in most cases 
conservative. For plastic analysis the proposals are close to realistic results, while for elastic analysis the 
proposals diverge significantly in some cases from the analysis conducted in this thesis. More 
specifically: 
In the second chapter of plastic analysis according to the current version of Eurocode 3, the results are 
satisfactory and in accordance to the proposals of EC3. In particular, analyses indicated that in structures 
with critical buckling factor acr>14, the percentage difference of the internal forces between first order 
and second order analysis with all possible imperfections applied, is less than 10%. That deviation is 
acceptable in practice. Structures of higher critical buckling factor acr are rigid enough and, thus, 
geometrical nonlinearity is not a crucial factor. Consequently, imperfections do not have a significant 
impact on such structures and the deviation of linear analysis from the realistic geometrically and 
materially nonlinear analysis is inconsequential. Nevertheless, linear first order analysis is more 
conservative in rigid enough structures regarding the resistance results and not the internal forces. As 
far as imperfections are concerned, a convergence in all possible analyses in rigid structures is observed. 
That said, the impact of imperfections is important in more slender structures in which the percentage 
difference can be as much as 40%. This difference is negligible in rigid enough structure with acr>14. 
The condition of acr>15 for plastic analysis proposed by the current version of Eurocode 3 appears 
significantly increased in comparison to the condition of acr>10 for elastic analysis. This has its ground 
on the fact that, as indicated by the analyses, material plays a significant role in the structure’s behaviour 
and thus, in plastic analysis - where the material is nonlinear -  internal forces deviate much more than 
in elastic analysis. Consequently, the condition should be stricter so that the demand for 10% deviation 
between linear analysis and geometrically nonlinear analysis is met. 
Moreover, regarding imperfections, the results are additionally satisfactory. Analyses indicated that the 
outcome of geometrically applied global sway and local bow imperfections is identical to equivalently 
applied forces. The percentage difference of these methods in every case does not exceed the surprising 
value of 1%. Moreover, imperfections applied in the shape of the critical elastic buckling mode do not 
differentiate significantly from sway and bow imperfections. Indeed, the highest deviation indicated in 
the analysis is 5% which is acceptable in civil engineering. 
The results of the analyses are encouraging as Eurocode 3 appears slightly conservative than the reality 
in such plane frame structures. Furthermore, all proposed methods of taking into account imperfections 
are equivalent, so there is no need for reconsidering this aspect of analysis. Nevertheless, an 
amendment should be proposed in the respective chapter of EC3 so that a more elaborate approach in 
the way engineers examine the structures is provided. 
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In the third chapter of elastic analysis according to the revised version of Eurocode 3, the proposed 
methods of Eurocode 3 appear in most cases irrationally conservative. Firstly, for such structures of 
acr>13, linear analysis without global and local imperfections is adequate enough, as it differentiates 
less than 10% from the realistic M5-method. This has its ground on the fact that in-plane effects are 
negligible and out-of-plane effects are of minor importance as there is no loading in that plane. That 
said, for rigid enough structures (acr>13) that are not exposed in out-of-plane loading, but out-of-plane 
effects are significant (acr,all<25), there is an indicated flaw in the proposed method. Consequently, a 
revision should possibly be made. However, the proposed method is conservative. Additionally, analyses 
indicated that structures of 11<acr<13 should be analysed by M3-method. Nevertheless, EC3 proposes 
that structures of acr>10 be examined by M3-method. That said, there is a range of structures of 
10<acr<11 that should be analysed by M4-method, while Eurocode 3 proposes M3-method against the 
safety of the structure. The results are close, but maybe a revision regarding this condition should 
additionally be made. Finally, the proposed methods for slender structures seem to be accurate. The 
results of the analyses are not in all cases encouraging. Nevertheless, the proposals of Eurocode 3 are 
conservative. However, an amendment should be proposed in the respective Chapter to provide more 
accurate methods for analyses. 
Moreover, like in plastic analysis, in elastic analysis the more rigid the structure is, the more the 
resistance of all analyses converge. Indeed, geometrical non-linearity is negligible in rigid structures and 
thus, results of the same non-linearity and divergent imperfections converge. Additionally, materially 
non-linear analyses and both geometrically and materially non-linear analyses do not differentiate 
significantly in rigid structures, as geometry has minor impact on them. 
Finally, in the fourth chapter, a realistic three dimensional structure that is equivalent to the previous 
frames is examined according to the revised version of Eurocode 3. Like in the previous chapter, the 
conclusions that arise from these analysis are relevant to those of the two dimensional frame. The only 
difference between these two chapters is that the limits that identify the implementation of each method 
are slightly different because of the increase of axial forces in the three dimensional structure. For 
structures of acr>13.5, linear analysis without global sway and local bow imperfections is adequate. 
Nevertheless, the proposed method is conservative because it takes into account out-of-plane effects 
which are surprisingly negligible in this structure too. Additionally, structures of 12<acr<13.5 should be 
analysed by M3-method. Nevertheless, EC3 suggests that structures of acr>10 be examined by M3-
method. That said, there is a gap in the structures of 10<acr<12 that should be analysed by M4-method, 
while Eurocode 3 proposes M3-method.  
In conclusion, analyses in both two and three dimensional structures indicate that the proposals of 
Eurocode 3 are not in all cases encouraging. Nevertheless, in most cases the methods proposed are 
conservative. That said, the proposals according to the revised version of Eurocode 3 should be possibly 
reconsidered. The current version for plastic analysis seem to be accurate for this kind of structure, 
while for elastic analysis the revised version is against the safety of the structure, as the limit of acr>10 
should be acr>12. 
5.3 SUGGESTIONS FOR FUTURE WORK 
In the current thesis, a structure of specific dimensions and cross sections is examined. In order for 
more reliable results regarding the limits set by Eurocode 3, it is vital that frame structures of different 
dimensions and types of sections are examined. That way it will be feasible to establish a wider and 
more diverse spectrum of structures. Furthermore, the type of structure analysed in this thesis is a plane 
frame in the case of the two dimensional structure and a set of two parallel frames in the case the three 
dimensional structure. The demand for examining diverse structures where geometry has possibly more 
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significant impact on them entails analyses of structures of different shapes and geometry. For example, 
an arch of high height or a frame that consists of more floors or simply a slender column are definitely 
structures of consequential geometrical non-linearity. Thus, such structures would be a decent addition 
in the analyses conducted to evaluate all these methods proposed by Eurocode 3. Finally, analyses in 
the three dimensional structure indicated that out-of-frame’s-plane effects are negligible. This statement 
is possibly attributed to the fact that the external out-of-plane horizontal forces are applied in the 
intersection of beams and columns. Consequently, the forces are mostly received by cross bracings 
which subsequently increase the axial forces of the columns without significant increase of out-of-plane’s 
bending moments. That said, it is vital that distributed out-of-frame’s-plane loads are added in the 
analysis or a way of replacing cross-bracings that would render these effects more consequential for 
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